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ABSTRACT OF THE DISSERTATION 
Neutral Lewis bases, such as 4-(dimethylamino)pyridine and N-methylimidazole, are 
widely used as acyl transfer catalysts. In contrast, anionic nucleophiles have been little 
explored in acyl transfer catalysis, although their high nucleophilicity may enable unique 
applications. In the course of my studies, 1,2,4-triazole anion was found to be an effective 
acyl transfer catalyst in both aminolysis and transesterification reactions. These findings pave 
the way to designing asymmetric anionic acyl transfer catalysts, which may be useful, e.g., for 
catalytic kinetic resolution of chiral amines. 
From 2003 to 2009, our group developed four generations of amidine-based 
enantioselective acyl transfer catalysts(ABCs) and applied them successfully to the kinetic 
resolution of chiral alcohols. Compared with chiral alcohols, the kinetic resolution of chiral 
acyl donors is more complicated and far less developed. In my study, a new method for the 
catalytic kinetic resolution of racemic -substituted carboxylic acids was devised by using 
ABCs. Subsequently, we developed related methods that proved to be suitable for the 
dynamic kinetic resolution of azlactones and -thiosubstituted carboxylic acids. The 
transition-state models were proposed and studied by computational methods. 
As an extension of our group’s earlier studies on ABC-catalyzed enantioselective 
N-acylation reactions, we undertook a systematic study of different types of lactams and 
thiolactams. The substrate structure-reactivity relationship was studied both experimentally 
and computationally. A transition state model proposed to explain the origin of the 
enantioselectivity was supported by computational studies.
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Chapter I  Acyl transfer Catalysis with 1,2,4-Triazole Anion 
1.1 Introduction to acyl transfer catalysts 
Acylation is a fundamental type of organic transformation. This reaction can be accelerated 
using several different modes of catalysis. One of the most popular approaches is acyl transfer 
catalysis illustrated in Figure 1.1.1. In this catalytic cycle, the acyl donor is first activated by a 
nucleophilic catalyst producing a reactive intermediate. Then, this intermediate transfers the 
acyl group to the nucleophilic substrate (such as an alcohol, amine, etc.) forming the acylated 
product and regenerating the catalyst. 
Figure 1.1.1 Acyl transfer catalysis. 
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Lewis base catalysts have demonstrated utility in a variety of applications in organic synthesis.1 
Among these, 4-dialkylaminopyridines(1-1),2 N-alkylimidazoles (1-2),3 phosphines (1-3),4 
imidazolylidene carbenes (1-4),5 1,2-diamines (1-5),6 bicyclic amidines and isothioureas 
(1-6,1-7)7 have demonstrated particular efficacy in catalyzing acylation reactions via an acyl 
transfer mechanism (Figure 1.1.2).  
Figure 1.1.2 Common acyl transfer catalysts. 
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Figure 1.1.3 Enantioselective acyl transfer catalysts. 
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Catalytic, enantioselective variants of the acylation reaction are well known. Numerous 
enzymes8 have been used for decades to catalyzed such reactions as enantioselective 
transesterification and ester hydrolysis. In addition, several types of small molecule catalysts 
have been reported during the last two decades, which have been applied to similar 
transformations. Most of these belong to the class of Lewis bases and function via the acyl 
transfer mechanism introduced above. The most successful enantioselective acyl transfer 
catalysts are listed in Figure 1.1.3. The majority of these structures are based on the 
previously mentioned achiral acyl transfer catalysts (Figure 1.1.2) 9-16. Hydroxyl group-based 
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acyl transfer catalysts (1-16 and 1-18)17 were also reported to be effective in some 
enantioselective applications. 
To illustrate how enantioselective acyl transfer catalysis works, we will use kinetic 
resolution of alcohols, which has been widely employed to test many of the catalysts in Figure 
1.1.3, . As shown in Figure 1.1.4, when a chiral nucleophilic catalyst activates an achiral acyl 
donor, the resulting reactive intermediate will itself be chiral. Therefore, it may react, at least 
in principle, with the the two enantiomers of an alcohol at different reaction rates, which 
provides the basis for the kinetic resolution (KR) of racemic alcohols, i.e., separation into 
individual enantiomers by virtue of their unequal reactivities.  
Figure 1.1.4 The application of chiral acyl transfer catalysts in kinetic resolution of racemic 
alcohols. 
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The enantiomeric excess of the unreacted alcohol and the ester do not remain constant 
during KR, but change as a function of conversion. Therefore, they cannot be used as general 
measure of enantioselectivity in this process. The so-called selectivity factor is used instead, 
which is defined as the ratio of the reaction rates of the fast- and the slow-reacting 
enantiomers of a substrate. This parameter remains more or less constant during the reaction. . 
The selectivity factor is usually calculated using Kagan’s equation (Figure 1.1.5)18 from the ee 
values of the unreacted alcohol and the ester obtained at any given point during the KR.  
 4
Figure 1.1.5 Kagan’s equation and selectivity factor. 
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1.1.2 Anionic acyl transfer catalysis 
Compared with the extensive investigation of neutral nucleophiles discussed above, 
application of anionic nucleophiles in acyl transfer catalysis remains much less developed. 
However, the high nucleophilicity of anionic compounds may result in unique new applications,. 
One example is shown in Figure 1.1.6. Aminolysis of esters cannot be easily realized by most of 
the known neutral acyl transfer catalysts. Although catalysts such as 1-1, 1-2, 1-3, 1-6, 1-7, were 
reported to successfully promote acylations with carboxylic anhydrides or acyl chlorides, they can 
activate only highly reactive esters. Imidazolylidene carbenes have proved to be active enough to 
promote transesterifications,4 but surprisingly ineffective in promoting ester aminolysis.19 In 
principle, anionic nucleophiles may overcome the problem of activation of stable acyl donors. 
However, it is still not clear whether such highly nucleophilic species can serve as a good leaving 
group in the catalytic cycle. Therefore, this research may be quite interesting from the theoretical 
point of view. 
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Figure 1.1.6 Potential application of anionic acyl transfer catalyst to aminolysis of esters 
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In the course of our studies on enantioselective acyl transfer catalysis, we became interested in 
achieving catalytic acylation of amines using easily accessible achiral acyl donors.20 Carboxylic 
esters would be especially attractive, since their uncatalyzed reaction with amines is typically very 
slow at ambient temperature. Therefore, the development of special catalysts may result in 
practical applications. With both theoretical and practical interest in mind, we started to 
investigate the possibility of using anionic organic compounds as acyl transfer catalysts. 
1.2 Experimental design and catalyst screen 
Since there were not many reports in this type of catalysts, we initiated the project with a broad 
screen of potential catalysts. The standard reaction that we chose is shown in table 1.2.1. There 
were several considerations. First, phenyl acetate is a relative reactive ester, but it does not react 
rapidly with secondary amines (Table 1.2.1, Entry 1). Second, isopropyl amine is a simple 
secondary amine and easy to monitor by NMR. Third, DBU is a strong organic base, but not an 
effective acyl transfer catalyst.6 In addition, all of the reagents are commercial available. With this 
convenient method, the catalytic activities were tested in CDCl3, with 100% additive loading. The 
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results are listed in table 1.2.1. As expected, neutral catalyst DMAP (Table 1.2.1, Entry 2) showed 
nearly no catalytic activity. 
Table 1.2.1 Catalytic activity screen 
PhOAc
0.1M
+ i-PrNH2
0.1M
+ DBU
0.1M
Additive (0.1M)
CDCl3, rt
i-PrNHAc + DBU-H PhO
1-19a 1-20a 1-21a
1-20a-Ac
 
Entry Additive t 1/2a 
1 None ND(6% / 3 days) 
2 
NN
1-1
ND(7% / 3 days) 
3 N N
H
1-22a
ND(38% / 3 days) 
4 
1-22b
N OH
 
66 h 
5 
1-22c
N
N
N
OH
 
ND(13% / 3 days) 
6 
1-22d
OH
OH
 
5.7 h 
7 
1-22e
Bu4NCN
2.2 h 
8 
1-22f
S
H
N
S
 
24 h 
9 
1-22g
N
OH
 
57 h 
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10 
1-22h
N
O
O
OH 3 days 
11b 
1-22i
N
H
N
 
9 h 
12 b 
1-22j
N
H
N
2.2 h 
13 b 
1-22k
N
N
H
N
8 min 
14 b 
1-22l
N
N
H
N
 
40 min 
15 b 
1-22m
N
N
H
N
4.3 h 
16 b 
1-22n
N N
N
H
N
 
ND (11% / 3 days) 
17 
1-22o
N
O
SH
 
ND (0% / 1 day) 
18 
1-22p
N
H
N
SH
 
ND (0% / 1 day) 
19 
1-22q
S
N
SH
 
ND (2% / 1 day) 
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[a] The test was carried out by monitoring reaction progress by 1H NMR. The time required to reach 50% conversion of 
isopropylamine into N-isopropylacetamide was recorded as t1/2 in Table 1.2.1. In those cases when the conversion was lower than 
50% after 3 days, t1/2 was not determined. [b] pKa values from scifinder: 1-13i: 14.1; 1-13j: 14.0; 1-13k: 10.2; 1-13l: 8.7; 1-13m: 8.4; 
1-13n: 5.0; 
In 2007, Mioskowski et al. reported that a variety of unactivated esters undergo efficient 
aminolysis under solvent-free conditions in the presence of 1,5,7-triazabicyclo[4.4.0]dec-5-ene 
(TBD, 1-22a), which was proposed to act as a bifunctional Lewis-base catalyst.21 Its catalytic 
activity, however, is only moderate, requiring a high catalyst loading (30 mol%). This compound 
showed only a little catalytic activity in our standard reaction (Table 1.2.1, Entry 3). 
We also considered the possibility of catalyzing ester aminolysis with anionic nucleophiles, 
which might be expected to be more nucleophilic than their neutral counterparts, and therefore 
better able to attack the ester group. Although the anions of protic nucleophiles such as 
2-hydroxypyridine(1-22b), HOBt(1-22c), catechol(1-22d), and cyanide(1-22e) have been reported 
in the literature to promote this reaction, their catalytic activities were usually rather modest.22 
Among the previously reported catalysts, only catechol and cyanide anions effected significant 
rate acceleration (Table 1.2.1, Entries 6 and 7). 
In an effort to identify more active anionic acyl transfer catalysts potentially suitable for 
asymmetric catalyst design, several other commercially available protic nucleophiles were tested 
for their ability to promote the reaction of phenyl acetate with isopropylamine in the presence of 
stoichiometric amounts of DBU. Interestingly, the most remarkable results were obtained in the 
azole series (entries 11-16). 1,2,4-Triazole(1-22k) displayed by far the greatest activity among all 
the nucleophiles tested. Diminished activity was also found in the case of its close structural 
analogues with higher or lower pKa values, 1,2,3- triazole(1-22l) and pyrazole(1-22j).23 
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Although 1,2,4-triazole and pyrazole were shown to catalyze aminolysis of nitrophenyl, 
thiocresyl and cyanomethylesters decades ago,24 they were believed to act as bifunctional 
catalysts and accordingly were used in the absence of base. To differentiate between the anionic 
and the bifunctional modes of catalysis in our case, we examined the effect of substituting DBU 
with a weaker base, triethylamine, or not adding any base at all (Figure 1.2.1). Very little reaction 
was observed in the absence of DBU, which supports the anionic mode of catalysis. Salts of 
azoles have been recently described in the patent literature as catalysts for isocyanate 
oligomerization and polyisourethane production.25 To our knowledge, they have not been utilized 
in other types of acyl transfer reactions. 
Figure 1.2.1 Base effect on the catalytic activity of 1,2,4-triazole 
PhOAc    +
Ph Me
NH2 10 mol% 1,2,4-triazole
CDCl3, rt, 2h Ph Me
NHAc
0.2 M 0.2 M
1 equiv DBU: 49% convn
1 equiv NEt3: <5% convn
No base: No reaction
1-19a 1-20b
1-20b-Ac
 
1.3 Investigation of the kinetic behavior of 1,2,4-triazole-catalyzed aminolysis of phenyl 
acetate 
Optimization of reaction conditions was undertaken next by using -phenethyl-amine as a test 
substrate. The high catalytic reactivity of 1,2,4-triazole anion makes it possible to achieve this 
reaction with lower catalyst loading. Table 1.3.1 shows that it can catalyze the standard reaction 
even at 2% catalyst loading(Table 1.3.1, Entry 4). By changing the ratio of reactants, the reaction 
can be further accelerated(Table 1.3.1, Entry 6,7). The reaction rates diminished significantly at 
high conversions, suggesting that accumulation of the phenolate anion and/or depletion of 
available base led to less effective catalysis. 
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Table 1.3.1 Catalytic aminolysis of phenyl acetate 
PhOAc    +
Ph Me
NH2
+ DBU
1,2,4-triazole
CDCl3, rt Ph Me
NHAc
1-19a 1-20b 1-21a 1-20b-Ac  
 
Entry PhOAc Amine DBU Cat 10min 30min 1 h 2 h 6 h 24 h 
1 0.2M 0.2M 0.2M 20% 31% 40% 48% 54% 65% 77% 
2 0.2M 0.2M 0.2M 10% 27% 34% 41% 49% 59% 70% 
3 0.2M 0.2M 0.2M 5% 23% 29% 35% 40% 50% 64% 
4 0.2M 0.2M 0.2M 2% 19% 23% 27% 31% 40% 54% 
5 0.4M 0.2M 0.2M 10% 31% 43% 53% 60% 74% 88% 
6 0.2M 0.4M 0.2M 10% 17% 23% 29% 32% 39% 46% 
7 0.2M 0.2M 0.4M 10% 35% 42% 52% 58% 69% 80% 
 
Table 1.3.2 Solvent effect on aminolysis of phenyl acetate 
1-19a 1-20b 1-21a
1-20b-Ac
PhOAc    +
Ph Me
NH2
+ DBU
2 mol% 1,2,4-triazole
solvent, rt Ph Me
NHAc
0.2 M 0.2 M 0.2 M
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Solvent\time 10 min 30 min 1 h 2 h 6 h 24 h 
CDCl3 19% 23% 27% 31% 40% 54% 
THF-d8 7% 12% 18% 28% 53% 72% 
DMSO-d6 24% 33% 39% 48% 66% 83% 
Acetone-d6 24% 31% 36% 44% 54% 61% 
Benzene-d6 5% 13% 23% 41% 63% 82% 
CD2Cl2 16% 25% 30% 37% 48% 59% 
CD3CN 17% 25% 30% 38% 50% 68% 
.  
Solvent effects were examined using 2 mol % loading of 1,2,4-triazole. (Table 1.3.2). Although 
the highest initial rates were observed in polar solvents, such as MeCN and DMSO, benzene was 
deemed to be more practical, as it displayed less of a rate drop-off. Interestingly, the reaction can 
even be carried out in acetone, with the formation of less than 10% imine by-product. 
Other donors were also examined using 10 mol % loading of 1,2,4-triazole and 
-phenethylamine as a test substrate(Table 1.3.3). Phenyl propionate showed similar reactivity 
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with the standard substrate (Table 1.3.3, Entry 2). In the case of phenyl isobutyrate and phenyl 
benzoate, the reaction rate dropped greatly (entry 3 and 4). The reaction can be greatly accelerated 
by using a more activated phenol acetate, such as 2,4-dichlorophenyl acetate and 4-nitrophenyl 
acetate (entry 6 and 7). The reaction can reach more than 95% easily. However, the background 
reaction in both cases, are not negligible. 
Table 1.3.3 Effect of different acyl donor 
 +
Ph Me
NH2
+ DBU
10 mol% 1,2,4-triazole
solvent, rt Ph Me
NHCOR
0.2 M 0.2 M 0.2 M
RCOOAr
 
entry RCOOAr 10min 30min 1h 2h 6h 24h 
1 
1-19a
AcO
 
27% 34% 41% 49% 59% 70% 
2 
1-19b
O
O
 
28% 35% 43% 50% 62% 76% 
3 
1-19c
O
O
 
5% 9% 10% 13% 18% 28% 
4 
1-19d
OPh
O
 
2% 3% 5% 8% 14% 27% 
5 
1-19e
O
O
Cl
 
40% 51% 58% 66% 76% 85% 
6 
1-19f
O
O
ClCl
 
85% 91% 93% 95% ND ND 
7 
1-19g
O
O
NO2
 
92% 95% ND ND ND ND 
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1.4 Aminolysis of isopropenyl acetate catalyzed by 1,2,4-trizole anion 
In the course of finding a practical application of this catalyst, we found that the reaction can be 
carried out efficiently by replacing phenyl acetate with isopropenyl acetate. Even though the latter 
acyl donor displayed lower reactivity, which necessitated a higher loading of triazole, it generated 
only acetone as byproduct, thus obviating the need for stoichiometric amounts of DBU (table 
1.4.1). In this case, the use of polar solvents was clearly advantageous.  
Table 1.4.1 Solvent effect on aminolysis of isopropenyl acetate 
Ph Me
NH2
+
10 mol% 1,2,4-triazole
10 mol% DBU
solvent, rt
Ph Me
NHAc
0.2 M0.2 M
Me
OAc
1-19h 1-20b 1-20b-Ac  
Solvent\time 10 min 30 min 1 h 2 h 6 h 24 h 
CDCl3 7% 10% 15% 25% 54% 90% 
THF-d8 3% 5% 9% 15% 40% 85% 
DMSO-d6 41% 66% 87% 94% 97% 100% 
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Acetone-d6 9% 14% 26% 41% 70% 76% 
Benzene-d6 4% 7% 12% 22% 54% 94% 
CD2Cl2 6% 11% 17% 29% 61% 93% 
CD3CN 18% 35% 52% 71% 93% 100% 
 
At this point, we tried to ascertain whether the conjugate acid of DBU was essential for the 
aminolysis reaction. In fact, both tetrabutylammonium and sodium triazolides were even more 
active than the DBU salt. The tetrabutylammonium triazolide can catalyze the reaction with a t1/2 
of 4 hours in chloroform at 10% catalyst loading, compared to 5.5 hours for the DBU-triazole salt. 
The sodium triazolide can catalyze the reaction with t1/2 of 12 minutes in DMSO at 5% catalyst 
loading, compared to 45 minutes for the DBU-triazole salt. These results suggest that, although 
the cation may play an important role in the reaction, the presence of a hydrogen-bond donor is 
not required. Overall, these observations are consistent with the catalytic cycle outlined in Figure 
1.4.1. 
Figure 1.4.1 Catalytic cycle with 1,2,4-triazole anion 
 15
N
N
N
N
N
H
N
N
N
N
Nu-H
R1CONu
R1CO2R2
R1CO
R2O
B
BH  
Several representative substrates were acetylated on a preparative scale using slight excess of 
isopropenyl acetate and 5 mol % each of DBU and triazole (Table 1.4.2). The new procedure 
proved effective for different types of nucleophiles, primary, secondary, di-substituted and 
aryl-substituted amines (Entry 1-6), primary and secondary alcohols (Entry 9 and 10) and 
oxazolidinone (Entry 12). It failed to acylate the tert-alcohol (Entry 11). Under the reaction 
conditions, the stereochemical integrity of methyl L-phenylalaninate was fully preserved (Entry 8), 
whereas the more base-sensitive methyl phenylglycinate underwent complete racemization (entry 
7). 
Table 1.4.2 Preparative scale acetylation of substrates. 
Me
OAc
+Nu-H
5 mol% DBU
5 mol% 1,2,4 triazole
MeCN, rt
10h
Nu-Ac
0.5 M 0.55 M  
Entry Substrate Product Isolated yield 
1 
1-20c
NH2
 1-20c-Ac
NHAc
 
95% 
2 
1-20b
Ph
NH2
 1-20b-Ac
Ph
NHAc
 
97% 
3 
(R)-1-20b
Ph
NH2
 (R)-1-20b-Ac
Ph
NHAc
 
92%(>96% ee) 
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4 
NH2
1-20d  1-20d-Ac
NHAc
 
89% 
5 
1-20e
NH
 1-20e-Ac
NAc
 
91% 
6 
1-20f
NH2
1-20f-Ac
NHAc
69% 
7 
(S)-1-20g
Ph COOMe
NH2
 1-20g-Ac
Ph COOMe
NHAc
 
97%(0% ee) 
8 
(S)-1-20h
COOMe
NH2
Ph
 
COOMe
NHAc
Ph
(S)-1-20h-Ac  
95%(99% ee) 
9 
1-23a
OH
 1-23a-Ac
OAc
 
98% 
10 
1-23b
Ph
OH
 1-23b-Ac
Ph
OAc
 
95% 
11 
1-23c
OH
 1-23c-Ac
OAc
 
<10% 
12 
1-24a
HN
O
O
Bn
 1-24a-Ac
N
O
O
Bn
O
98% 
1.5 Aminolysis of regular esters catalyzed by 1,2,4-trizole anion 
Aminolysis of unactivated esters catalyzed by the 1,2,4-triazole anion was investigated next 
(Table 1.5.1). In most cases, the reactions in the presence of DBU alone were extremely sluggish 
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even at elevated temperatures under solvent-free conditions. Addition of 1,2,4-triazole uniformly 
resulted in a dramatic rate acceleration. Different types of acyl donor and amines were tested 
(Table 1.5.1 Entries 1-10). It is particularly noteworthy that methyl L-phenylalaninate underwent 
smooth cyclocondensation to produce the corresponding diketopiperazine as a 95:5 mixture of cis 
and trans-diastereomers. The uncatalyzed version of this reaction is well-known, but usually 
requires prolonged heating well above 100 °C and gives only moderate yields.26 The present 
protocol may find utility in the synthesis of structurally complex diketopiperazines.27 
Table 1.5.1 Aminolysis of Unactivated Esters 
R1 OR2
O
+ N
H
R4R3 20 mol% 1,2,4-triazole
20 mol% DBU
neat, 24h
R1 N
O
R4
R3
 
Entry Ester Amine Temp Yield % Background 
1 Me
O
OMe
1-19h  1-20c
NH2
 
23oC 83% 3% (NMR) 
45 oC 94% 4% (NMR) 
2 
1-19i
Ph
O
OMe
 1-20c
NH2
 
23oC 26%(NMR) 2% (NMR) 
70oC 92% 3% (NMR) 
3 
1-19j
O
OMe6
 
1-20c
NH2
 
23oC 43%(NMR) 1%(NMR) 
70oC 94% 2%(NMR) 
4 
1-19k
O
OMe
 1-20c
NH2
 
23oC 23%(NMR) ND 
70oC 62% 2%(NMR) 
5 
1-19l
O
OMe
OH
 
1-20c
NH2
 
23oC 52%(NMR) 8%(NMR) 
23oC 84% 50%(NMR) 
6 
1-19m
O
OEt
 1-20c
NH2
 
23oC 58%(NMR) 1%(NMR) 
70oC 91% 7%(NMR) 
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7 
1-19n
O
O
 
1-20c
NH2
 
23oC 84% 5%(NMR) 
8 
1-19j
O
OMe6
 1-20e
NH
 
23oC 2%(NMR) ND 
95oC 77% 2%(NMR) 
9 
1-19j
O
OMe6
 1-20b
Ph
NH2
 
23oC 1%(NMR) ND 
95oC 71% 5%(NMR) 
10 
1-19j
O
OMe6
 
NH2
1-20d  
23oC 3%(NMR) ND 
95oC 84% 2%(NMR) 
11 
1-19p
Ph
NH2
O
O
 
90oC 79% 7%(NMR) 
1.6 Attempts at enantioselective aminolysis of esters 
We synthesized one of the most easy available chiral 1,2,4-triazle derivatives with 
C2-symmetry, 1-22r, following the procedure developed by Katritzky et al.28 Although similar 
reactivity was observed in our standard reactions, no enantioselectivity was observed in our 
preliminary research. In 2010, Katritzky et al. reported their extensive effort on the 
enantioselective aminolysis by using 1-22r derivatives.29 They synthesized a series of acylated 
triazole derivatives and applied them to kinetic resolution of chiral amines. Unfortunately, only 
very low enantioselectivity was observed. 
Figure 1.6.1 chiral 1,2,4-triazole catalyst 
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1.7 Conclusion 
1,2,4-triazole anion was discovered as an effective acyl transfer catalyst in both aminolysis and 
transesterification reactions. A convenient protocol was developed for different types of acylation 
by the combination of isopropenyl acetate and 1,2,4-triazole anion. These findings pave the way 
to designing asymmetric anionic acyl transfer catalysts, which may be useful, e.g., for catalytic 
kinetic resolution of chiral amines. 
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Chapter II  The Application of Amidine-based Catalysts in the Kinetic 
Resolution of Carboxylic Acids 
2.1 Introduction 
-Substituted alkanoic acids and their derivatives are an important class of compounds found 
among both natural products and synthetic chemicals. They have demonstrated considerable 
utility as drugs, herbicides, plant growth regulators, synthetic intermediates etc. Usually, the 
absolute configuration of chiral center next to the carboxylic group is critical for their biological 
applications. Therefore, practical methods for the preparation of these compounds in enantiopure 
form are in high demand. In principle, there are two alternative ways to reach these compounds in 
enantiopure form: enantioselective synthesis and separation of racemates. Considerable numbers 
of methods based on construction of the -chiral center, using both chiral auxiliary- and 
asymmetric catalysis-based approaches, have been developed.1 On the other hand, for 
-substituted alkanoic acids which are easily available in racemic form, separation methods may 
have practical merit. Separation of their enantiomers is often accomplished via classical 
resolution2 taking advantage of the different solubility of their diastereomeric salts with 
homochiral amines, or via kinetic resolution (KR)3 typically exploiting different reactivity of their 
enantiomeric derivatives in enzymatic reactions, e.g., hydrolysis of esters or amides (Scheme 
2.1.1). One problem limiting the efficiency of classical and kinetic resolutions is that they can not 
deliver more than 50% yield of either enantiomer. To overcome this practical limitation, there is 
more and more interest in developing dynamic kinetic resolution (DKR)4 methods. Compared 
with KR, the success of DKR relies on rapid in situ racemization of carboxylic acid derivatives.  
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Scheme 2.1.1 Conventional vs. Dynamic Kinetic Resolutions of acyl donors 
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Many enzymes have been successfully applied to the latter two processes.5 However, their 
common drawback is that they are available in only one enantiomeric form. It means a different 
enzyme and a different set of conditions need to be developed every time when the reversal of 
enantioselectivity is required. By contrast, low-molecular-weight catalysts are free from this 
limitation and have proven their utility in both KR and DKR of chiral acyl donors via their 
enantioselective alcoholysis.6-8 Compared with enzymatic methods, however, small-molecule 
catalysts remain relatively limited in scope. 
From 2003 to 2009, four successive generations of amidine-based enantioselective acyl transfer 
catalysts were developed by our group (Scheme 2.1.2).9 They were successfully applied to the KR 
of several classes of chiral alcohols10 and oxazolidinones11 and desymmetrization of meso-diols12 
by way of acylation with simple achiral acylating agents. Based on the experimental results 
observed, a transition state (TS) model involving π-interactions between the nucleophilic substrate 
and the N-acylated catalyst was proposed and later supported by a computational study.13 Due to 
their efficacy and ease of preparation, other groups also started to investigate applications of 
amidine-based catalysts, such as KR of new classes of alcohol substrates14 as well as other types 
of enantioselective acyl transfer processes.15,16 
Scheme 2.1.2 Amidine-based catalysts and their application to the KR of alcohols 
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Scheme 2.1.3 Comparison of kinetic resolution of alcohols and acyl donors 
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Compared with the extensive studies KR of racemic alcohols by using acyl transfer catalysts, 
the KR of racemic acyl donors remains much less explored. In principle, chiral acyl donors could 
also be resolved by achiral alcohols via a similar mechanism, as shown in Scheme 2.1.3. There are 
clear difficulties in the KR of acyl donors, because both the acyl activation and alcoholysis steps 
may result in enantio-differentiation. 
In 2007, an interesting result was reported by Shiina et al.17 They decided to advance the 
BTM-catalyzed kinetic resolution of secondary alcohols developed in our group by generating 
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acyl donors in situ. Based on the fact that BTM is not effective for transferring a benzoyl group, 
they succeeded in the in situ exchange between benzoic anhydride and achiral alkanoic acids, 
which led to the enantio- and chemoselective acylation of alcohols with aliphatic acyl groups. 
This observation indicates that in the catalytic cycle of this type of acyl transfer, the first 
acyl-activation step is fast and highly reversible (Scheme 2.1.4), which might provide a practical 
solution for KR of chiral acyl donors by achiral alcohols. With this idea in mind, in early 2008, 
We carried out a preliminary experiment, in which enantiopure 1-phenylmethanol was acylated 
with racemic 2-phenylpropionic acid in the presence of benzoic anhydride and BTM(Figure 2.1.5). 
We reasoned that if the resulting ester is enriched significantly in one diastereomer of the product, 
then this process should be enantioselective with respect to the acyl donor. Indeed, We observed 
by H NMR predominant formation of one diastereomer(~4:1). 
Scheme 2.1.4 Investigation of acyl donor effect on the KR of alcohols by Shiina’s group in 
2007 
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Scheme 2.1.5 Our early experimental design to test the idea of KR acyl donors. 
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Soon after this preliminary study, however, Shiina et al. published the first paper demonstrating 
the possibility of using BTM to achieve KR of chiral acyl donors. In their investigation, mixed 
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anhydrides, formed in situ from free -arylpropionic acids and substituted benzoic anhydrides, 
underwent chemo- and enantioselective alcoholysis with di(1-naphthyl)methanol.18 (Scheme 
2.1.6). Although we “were scooped” on this new application of our catalysts, we decided to 
continue our studies in this direction, hoping to find new extensions of this methodology. At that 
time, our group had synthesized the tetrahydropyrimidine-based catalyst HBTM and sought to 
explore its general utility the older imidazoline-based catalysts. KR of chiral acyl donors promised 
to provide a new proving ground for their comparison. 
Scheme 2.1.6 BTM-catalyzed KR of arylpropionic acids by Shiina et al.17  
Ar CO2H
Me
Ar CO2R
Me
Ar CO2H
Me
+
1.2 equiv ROH
1.2 equiv PMBA
i-Pr2NEt, 5 mol % (S) BTM;
workup  
Abbreviations: R = di(1-naphthyl)methyl, PMBA = p-methoxybenzoic anhydride 
2.2 Experimental design and kinetic resolution of -arylalkanoic acids 
When we initiated the research, we were reluctant to use the rather expensive 
p-methoxybenzoic anhydride (PMBA)19 preferred by Shiina20 as a stoichiometric condensing 
agent and opted instead for benzoic anhydride. Although the first results in HBTM-catalyzed KR 
of (±)--phenylpropionic acid were encouraging (Scheme 2.2.1), we found it difficult to separate 
benzoic acid from the unreacted -phenylpropionic acid, which complicated our experimental 
protocol. It occurred to me that it should not be necessary to activate all of the substrate if we are 
planning to convert only about half of it into the ester product (KR are typically allowed to 
proceed to 45–55% conversion). With this in mind, we used 0.53 equiv of 
N,N’-dicyclohexylcabrodiimide (DCC) to convert -phenylpropionic acid into the corresponding 
symmetrical anhydride in situ.21 As anticipated, its alcoholysis with di(1-naphthyl)methanol 
 28
proceeded with similar enantioselectivity to that of the mixed anhydride (Scheme 2.2.1 and Table 
2.2.1, entry 1), but the workup procedure was simplified considerably. 
Scheme 2.2.1 HBTM-catalyzed KR of -phenylpropionic acid: two protocols 
Ph COOH
Me
(a) Bz2O
(b) DCC
Ph
Me
O
O
Ph
O
Ph
Me
O
O O
Ph
Me
Ph COOR
Me
Ph COOH
Me
ROH
(S)-HBTM 2-1d
ROH
(S)-HBTM 2-1d
s = 29
(46% conversion)
s = 33
(46% conversion)
R = di(1-naphthyl)methyl
2-2a
2-2a-ma
2-2a-sa
(R)-2-2a-pd (S)-2-2a
 
Table 2.2.1 Variation of the catalyst and the alcohol 
2-2a (R)-2-2a-pd (S)-2-2a
Me Ph
COOH DCC, PhMe
ROH, 
HBTM(5 mol%) 2-1d
i-Pr2NEt, RT, 10h
Me Ph
COOR
+
Me Ph
COOH
 
Entrya Catalyst ROH Conv. (%) s 
1 HBTM (1-Np)2CHOH 46 33 
2 HBTM Ph2CHOH 53 9.3 
3 HBTM iPrOH 48 6.9 
4 HBTM Ph2CHOH 50 5.2 
5 BTM (1-Np)2CHOH 17 24 
6 Cl-PIQ (1-Np)2CHOH 49 2.6 
7 BTM iPrOH 5 1.7 
8 Cl-PIQ iPrOH 20 1.9 
[a] Reaction conditions: 0.20 mmol substrate in PhMe was treated with 0.106 mmol DCC at RT for 15 min, then with 0.01 mmol 
catalyst, 0.10 mmol (1-Np)2CHOH, and iPr2NEt (0.2 equiv) for 10 h. All reported values are averages of duplicate runs. 
Alcohols other than di(1-naphthyl)methanol led to lower selectivity factors (Table 2.2.1, entries 
2-4). Earlier generations of catalysts proved to be markedly less effective under the same 
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conditions. BTM reacted more slowly and displayed somewhat reduced enantioselectivity when 
used in conjunction with di(1-naphthyl)-methanol (Table 2.2.1, entry 5), whereas the 
second-generation catalyst Cl-PIQ was as active as HBTM, but far less enantioselective (Table 
2.2.1, entry 6). Both BTM and Cl-PIQ produced negligible selectivity factors and low rates when 
isopropanol was used (Table 2.2.1, entries 7 and 8). Diminished reaction rates and/or 
enantioselectivities were obtained in solvents other than toluene (Table 2.2.2, entries 1–4). 
Cooling the reaction mixture to 0oC resulted in a modest increase in enantioselectivity (Table 
2.2.2, entry 5), but further temperature decrease was ineffective or even detrimental (Table 2.2.2, 
entries 6 and 7). 
Table 2.2.2 Solvent and temperature effects 
Entry Solvent T t (h) Conv. (%) s 
1 CHCl3 23 10 39 24 
2 CH2Cl2 23 10 42 21 
3 THF 23 10 28 20 
4 MeCN 23 10 26 11 
5 PhMe 0 24 45 36 
6 PhMe -20 24 43 36 
7 PhMe -40 24 39 29 
Substrate scope of the new KR protocol was explored next. In addition to 2-phenylpropionic 
acid, a few of its commercially available analogs substituted in the aromatic ring were resolved 
with respectable selectivity factors (Table 2.2.3, entries 1-4). In an effort to understand the origin 
of enantioselectivity observed for this class of substrates, the transition-state model was 
considered, as shown in Figure 2.2.1, analogous to the one, we had previously proposed for the 
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KR of secondary benzylic alcohols catalyzed by amidine-based catalysts. The experimentally 
observed absolute sense of enantioselection indicated that the aryl group of the acyl moiety 
prefers to occupy the position R1, while the position R2 is occupied by the methyl. In search of 
additional clues, we explored the structure-selectivity trends in the KR of higher homologs of 
-phenylpropionic acid. Replacing the methyl with an ethyl or cyclohexyl group resulted in 
progressively lower enantioselectivities (Table 2.2.3, entries 5 and 6) still favoring the 
(R)-enantiomer, thus suggesting that the chiral discrimination between the phenyl and the alkyl 
was not based on sterics alone. 
Table 2.2.3 KR of -arylalkanoic acid 
Alk Ar
COOH
DCC, PhMe
(1-Np)2CHOH
HBTM(5 mol%)
i-Pr2NEt, RT, 24h
Alk Ar
COOR
+
Alk Ar
COOH
 
Entry Substratea EePD/ EeSM Conv. s 
1b,c 
(R)-2-2a
Me
COOH
 
87/74 
(91/19) 
46 
(17) 
33 
(24) 
2d 
(R)-2-2b
Me
COOH
 
90/67 43 37 
3d 
(R)-2-2c
Me
COOH
O
 
91/76 46 48 
4d 
(R)-2-2d
Me
COOH
F
 
86/80 48 33 
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5 
(R)-2-2e
COOH
 
73/56 44 11 
6 
(R)-2-2f
COOH
 
72/32 31 8.2 
7 
(S)-2-3a
O
COOH
Me
 
74/68 48 13 
8 
(R)-2-2g
Me
COOH
Ph
 
5/7 40 1.2 
[a] Fast-reacting enantiomer is shown [b] 10 h reaction time [c] Values in parentheses were obtained using BTM . [d] 0 oC. 
Figure 2.2.1 Proposed TS model for the origin of enantioselectivity. 
N
N
O
S
R1
R2
OH
H
H R2
R1
H
OHBTM
HO
CH(1-Np)2
 
Initially, we assumed that these results may be due to some sort of attractive - interactions 
between the aryl group of the substrate and the C2-phenyl group of the catalyst. However, the 
result obtained with α-methoxyphenylacetic acid (Table 3, entry 7) clearly contradicted our 
assumption: the absolute sense of enantioselectivity in this case became reversed. We realized that 
the order of preference for the group occupying the R1 position found in our study 
(alkyl<aryl<methoxy) resembles that observed during diastereoselective nucleophilic additions to 
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-substituted aldehydes and ketones and explained in terms of stereoelectonic control (the 
Felkin-Anh model).22 If this proved to be the case, we reasoned, then our KR methodology should 
be applicable to a variety of alkanoic acids bearing an electron-deficient or polarizable 
-substituent. With this in mind, we set out to examine its scope using several easily available 
classes of substrates. 
2.3 Kinetic resolution of -oxy-substituted alkanoic acid 
Several -aryloxy- and -alkoxy-alkanoic acids were explored during the initial study and 
afterwards produced results corroborating our hypothesis. Structure-selectivity trends manifested 
in entries 1-3 of Table 2.3.1 are analogous to those observed in the -aryl series(see Table 2.2.3, 
entries 1, 5, and 6): larger alkyl substituents lead to lower enantioselectivity. Comparison of 
methoxy-phenyl-substituted acids (Table 2.2.3, entry 7) and methoxy-methyl-substituted acids 
(Table 2.3.1, entry 5) leads to a qualitatively similar conclusion. Tetrahydrofuroic acid, chosen as 
a cyclic analog, produced a markedly lower, albeit still useful, selectivity factor (Table 2.3.1, 
entry 6). BTM proved to be much less enantioselective than HBTM with this class of substrates 
(Table 2.3.1, entry 1, results in parentheses). 
Table 2.3.1 KR of -alkoxy and aryloxy-alkanoic acids. 
Alk OR
COOH
DCC, PhMe
(1-Np)2CHOH
HBTM (5 mol%)
iPr2NEt, RT, 24h
Alk OR
CO2CH(1-Np)2
+
Alk OR
COOH
 
Entrya Substrateb EePD/ EeSM Conv. s 
1c Me O
CO2H
(S)-2-3b
89/87(63/62) 50(49) 47(8.3) 
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2 
(S)-2-3c
O
CO2H
Me
 
83/79 49 26 
3 
(S)-2-3d
O
CO2H
Me
Me
 
80/68 46 18 
4d 
(S)-2-3e
Me O
CO2H
Cl
Cl
 
95/61 39 74 
5 
(S)-2-3f
Me O
CO2H
Me
 
96/69 43 96 
6 
(S)-2-3g
CO2H
O
 
78/80 50 20 
[a] Reaction conditions: 0.20 mmol substrate in PhMe was treated with 0.106 mmol DCC at RT for 15 min, then with 0.01 mmol 
catalyst, 0.10 mmol (1-Np)2CHOH, and iPr2NEt (0.2 equiv) for 24 h. All reported values are averages of duplicate runs. [b] 
Fast-reacting enantiomer is shown. [c] Values in parentheses were obtained using BTM. [d] 0oC. 
2.4 Kinetic resolution of -halogenated alkanoic acids 
In the same vein, we explored the KR of -halogenated alkanoic acids (Table 2.4.1). The 
selectivity factors obtained with this class of substrates are generally lower than in the case of 
their oxygen-bearing counterparts discussed above. From the theoretical standpoint, it is 
instructive to note that the same relative order of enantioselectivities (Me>Et~PhCH2>i-Pr) is 
observed in this series as in the previously studied cases, the nature of the halogen apparently 
playing only a minor role. Interestingly, BTM produced essentially the same results as HBTM in 
the KR of a-chlopropionic acid  (Table 2.4.1, entry 1). 
Table 2.4.1 KR of -halogenated alkanoic acids 
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Alk Hal
COOH
DCC, PhMe
(1-Np)2CHOH
HBTM (5 mol%)
iPr2NEt, RT, 24h
Alk Hal
CO2CH(1-Np)2
+
Alk Hal
COOH
 
Entrya Substrateb EePD/ EeSM Conv. s 
1c 
(S)-2-4a
Me Cl
COOH
 
84/62(86/57) 43(40) 21(23) 
2 
(S)-2-4b
Cl
COOH
Me
 
74/56 43 12 
3 
(S)-2-4c
F
COOH
Ph
 
72/70 49 13 
4 
(S)-2-4d
Br
COOH
Me
Me
 
69/54 44 9.3 
[a] Reaction conditions: 0.20 mmol substrate in PhMe was treated with 0.106 mmol DCC at RT for 15 min, then with 0.01 mmol 
catalyst, 0.10 mmol (1-Np)2CHOH, and iPr2NEt (0.2 equiv) for 24 h. All reported values are averages of duplicate runs. [b] 
Fast-reacting enantiomer is shown. [c] Values in parentheses were obtained using BTM. 
2.5 Kinetic resolution of protected -amino acids 
KR of various a-amino acid derivatives is potentially of significant interest as a way of 
producing these important compounds in enantioenriched form. KR of -azido acids proved to be 
moderately effective, with the structure-selectivity trends mirroring those already noted above 
(Table 2.5.1, entries 1-3). BTM was distinctly inferior to HBTM in the KR of representative 
azido-substrate (Table 2.5.1, entry 1). N-Cbz-alanine produced only barely detectable 
enantioselectivity using either catalyst (Table 2.5.1, entry 4). The result with N-Cbz-proline was 
somewhat better, but still far below practically useful levels (Table 2.5.1, entry 5). We then turned 
our attention to N-phthaloyl-protected amino acids, hoping that the electron-deficient phthalimide 
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moiety might experience more attractive -stacking interactions with the C2-phenyl group of the 
catalyst (compared with the azide group), which would enhance the enantioselectivity. Although 
the validity of this line of reasoning remains to be verified, we did observe substantially improved 
selectivity factors with these substrates, compared to their azido-substituted counterparts (Table 
2.5.1, entries 6-10 vs. 1-3). Unexpectedly, the isopropyl-bearing valine derivative produced the 
best result in this case (Table 2.5.1, entry 10), although, in all other cases studied so far, the 
enantioselectivity dropped as the alkyl group increased in size. BTM appears to be completely 
unsuitable for this class of substrates (Table 2.5.1, entry 6, results in parentheses). 
Table 2.5.1 KR of protected -amino acids 
DCC, PhMe
(1-Np)2CHOH
HBTM (5 mol%)
iPr2NEt, RT, 24h
Alk NX2
CO2CH(1-Np)2
+
Alk NX2
COOH
Alk NX2
COOH
 
Entrya Substrateb EePD/ EeSM Conv. s 
1 
(S)-2-5a
Me N3
COOH
 
82/68(55/53) 45(49) 21(5.7) 
2 
(S)-2-5b
N3
COOH
Me
 
70/38 35 8.0 
3 
(S)-2-5c
N3
COOH
Me
Me
 
61/16 21 4.9 
4c 
(S)-2-5d
NHCbz
COOH
Me
Me
 
12/10(16/9) 47(37) 1.4(1.5-1)d 
5 
(S)-2-5e
COOH
N Cbz
 
42/25 38 3.1 
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6 c 
(S)-2-5f
Me N
COOHO
O
90/61(38/2.3) 41(6) 35(2.3) 
7 
(S)-2-5g
N
COOHO
O
Ph
87/67 43 30 
8 
(S)-2-5h
N
COOHO
O
Me
Me
84/64 43 22 
9 
(S)-2-5i
N
COOHO
O
MeS
84/46 43 22 
10 e 
(S)-2-5j
N
COOH
Me
Me
O
O
94/51 35 58 
[a] Reaction conditions: 0.20 mmol substrate in PhMe was treated with 0.106 mmol DCC at RT for 15 min, then with 0.01 mmol 
catalyst, 0.10 mmol (1-Np)2CHOH, and iPr2NEt (0.2 equiv) for 24 h. All reported values are averages of duplicate runs. [b] 
Fast-reacting enantiomer is shown. [c] Values in parentheses were obtained using BTM. [d] Reversal of enantioselectivity is 
observed with BTM. [e] Catalyst (10 mol%), 48 h. 
2.6 Dynamic kinetic resolution of -(Arylthio)- and -(Alkylthio)-alkanoic Acids 
In the course of our original study, we explored the behavior of -(phenylthio)- propionic acid 
under our standard conditions (at 0 oC) and produced the ester and the recovered starting material 
in 93% ee and 41% ee, respectively (Scheme 2.6.1 and Table 2.6.1, entry 1). This result, which 
translated into a selectivity factor of 39 at 31% conversion, according to Kagan’s equation, was in 
reasonable agreement with that obtained with a-(phenoxy)propionic acid (Table 2.6.1, entry 1). 
Re-examination of the process at room temperature, however, led to the recovery of the acid with 
unexpectedly low ee value (Scheme 2.6.1; Table 2.6.1, entry 2). As a consequence, conversion 
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calculated according to Kagan’s equation, was only 12%, which was clearly inconsistent with that 
observed in the 1H NMR spectrum of the reaction mixture (ca. 50%). Evidently, the starting 
material had undergone in situ racemization. This raised the possibility of achieving DKR of this 
class of substrates- an attractive prospect, considering the inherently higher efficiency of DKR 
compared to the conventional KR. In order to develop a practical DKR protocol, however, it was 
now necessary to achieve complete conversion of the substrate into the product, which called for 
equimolar amounts of an activating agent. 
Scheme 2.6.1 Evidence of in situ racemization during KR. 
2-6a
DCC(0.53 equiv), PhMe, RT
(1-Np)2CHOH(0.5 equiv)
HBTM (5 mol%)
iPr2NEt(1 equiv)
Me SPh
CO2CH(1-Np)2
+
Me SPh
COOH
Me SPh
COOH
12% conversion
calculated from ee values;
50% observed by 1H NMR
at 0 oC   93% ee                            41% ee
at 23 oC  91% ee                            13% ee
(S)-2-6a-pd (R)-2-6a
 
Increasing the amount of DCC to 1.2 equiv produced the ester in high ee, but the conversion 
was low and the reaction was accompanied by formation of side products (presumably 
N-acylated-N,N-dicyclohexylureas) (Table 2.6.1, entry 3). Cleaner reaction was observed with 
pivalic anhydride, but the reaction rate was similarly slow (Table 2.6.1, entry 4). Fortunately, 
benzoic anhydride employed in Shiina’s original protocol proved to be more successful, giving 
the desired ester in 90% yield with 91% ee after 24 h (Table 2.6.1, entry 5). 1H NMR spectrum of 
the reaction mixture indicated that approximately 9% of benzoate ester was also produced as a 
byproduct. Catalysts BTM and Cl-PIQ were inferior to HBTM (Table 2.6.1, entries 6 and 7). 
Survey of several additional solvents and alcohols confirmed that the conditions represented by 
entry 5 in Table 2.6.1 are, in fact, optimal. 
Table 2.6.1 Optimization of the DKR protocol. 
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Me SPh
COOH
activator
(1-Np)2CHOH
catalyst(10 mol%)
iPr2NEt, PhMe-d8
Me SPh
CO2CH(1-Np)2
+
Me SPh
COOH
 
Entrya Catalyst Activator Yield, % Ee, % 
1b,c (S)-HBTM DCC ND 93 
2b (S)-HBTM DCC ND 91 
3 (S)-HBTM DCC 35 89 
4 (S)-HBTM Pic2O 35 91 
5 (S)-HBTM Bz2O 91 91 
6 (S)-BTM Bz2O 49 -84 
7 (R)-Cl-PIQ Bz2O 87 46 
8d (S)-HBTM Bz2O 85 88 
[a] Reaction conditions: substrate (0.10 mmol), activator (0.12 mmol), (1-Np)2CHOH (0.12 mmol), iPr2NEt (0.4 mmol), catalyst 
(0.01 mmol), PhMe-d8, RT, 24 h, unless specified otherwise. [b] DCC (0.053 mmol) and (1-Np)2CHOH (0.05 mmol) were used. [c] 
Reaction conducted at 0oC. [d] 96% ee (R)-enantiomer of the substrate was used instead of the racemate. 
Piv2O=pivalic-(2,2-dimethylpropanoic) anhydride. 
At this point, it was of interest to ascertain at which stage(s) of the process the racemization 
takes place, as this information might be relevant to the optimization of our DKR protocol. As 
expected, the ee value of enantioenriched (R)--(phenylthio)propionic acid remained unchanged 
in the presence of Hunig’s base alone (Scheme 2.6.2). Addition of benzoic anhydride (1 equiv), 
however, led to significant loss of enantiopurity within 30 min, which indicated that the mixed 
anhydride itself is prone to enolization in the presence of a tertiary amine. Finally, addition of 
DHPB (10 mol%), the achiral analogue of HBTM, resulted in complete racemization within the 
same reaction time, suggesting that the N-acylated intermediate loses its stereochemical integrity 
faster than the anhydride. Furthermore, the rate of substrate racemization is faster than that of the 
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alcoholysis step, as is evidenced by the fact that -(phenylthio)propionic acid enriched in the 
slow-reacting (R)-enantiomer produced the ester in almost the same ee value under the standard 
DKR conditions as did the racemate (Table 2.6.1, entry 8). 
Scheme 2.6.2 Evidence of in situ racemization during KR. 
(R)-2-6a
Me
SPh
OH
O
Me
SPh
OBz
O
Me
SPh
DHPB
OBz2O DHPB BzO
i-Pr2NEt
24h: 96% ee
i-Pr2NEt
30min: 73% ee
24h:       4% ee
i-Pr2NEt
30min: 0% ee
N
S
N96% ee
DHPB 2-1f
(R)-2-6a-ma
 
The substrate scope of the new method was explored next (Table 2.6.2). Substituents on the 
phenylthio group did not influence the enantioselectivity significantly (Table 2.6.2, entries 1-5). 
Replacing it with an alkylthio group, however, led to diminished ee values (Table 2.6.2, entries 6 
and 7). By analogy with the majority of KR substrates discussed above, loss of enantioselectivity 
was observed upon increasing the bulk of the -alkyl group (Table 2.6.2, entries 8-10). 
Furthermore, the yield of the benzoate ester byproduct increased at the expense of the desired 
product in these examples, presumably because these bulkier acyl groups are transferred more 
slowly. In fact, the undesirable benzoyl group transfer became predominant in the case of 
isopropyl substrate containing a secondary alkyl substituent (Table 2.6.2, entry 10). 
Table 2.6.2 Exploration of substrate scope 
SR2R1
CO2H
SR2R1
CO2CH(1-Np)2
+
Bz2O, (1-Np)2CHOH
10 mol % 4, i-Pr2NEt
PhMe-d8, rt, 24 h
(±) (S)
BzOCH(1-Np)2
byproduct
 
Entrya (±)-substrateb % byprodc % yieldc % ee 
1 
Me S
HO2C
(S)-2-6a  
9 91 (90) 91 
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2 
(S)-2-6b
Me S
HO2C
Me
6 86 (85) 92 
3 
(S)-2-6c
Me S
HO2C
OMe
8 90 (89) 91 
4 
(S)-2-6d
Me S
HO2C
Cl
 
5 90 (93) 89 
5 
(S)-2-6e
Me S
HO2C
Br
 
4 88 (91) 91 
6 
(S)-2-6f
Me S
HO2C
Ph
 
12 86 (88) 85 
7 
(S)-2-6g
Me S(CH2)7Me
HO2C
 
13 90 (87) 84 
8 
(S)-2-6h
S
HO2C
Me
 
20 65 (62) 86 
9 
(S)-2-6i
Me(CH2)3 S
HO2C
 
20 66 (71) 86 
10 
(S)-2-6j
S
HO2C
Me
Me
 
38 13 (ND) 66 
[a] Reaction conditions: substrate (0.10 mmol), activator (0.12 mmol), (1-Np)2CHOH (0.12 mmol), iPr2NEt (0.4 mmol), catalyst 
(0.01 mmol), PhMe-d8, RT, 24 h, unless specified otherwise. [b] fast-reacting enantiomer is shown. [c] % byproduct and % yield 
were determined by 1H NMR using an internal standard. Isolated yield is reported in parentheses. 
In an effort to improve the efficacy of our DKR protocol in the latter 3 cases, we sought to 
suppress the benzoyl group transfer in the mixed anhydride. Replacing benzoic anhydride with 
PMBA did improve the product/byproduct ratio, but the reaction was slow and eventually stopped 
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at 46% yield after 3 days (Table 2.6.3, entry 1).  Similarly slow reaction was observed using 
pivalic anhydride (entry 2). 2-Methyl-6-nitrobenzoic anhydride (MNBA) reacted much more 
rapidly and without any detectable byproduct formation. The desired product was formed in good 
yield, but with only 50% ee (entry 3). Stymied in our attempts to find a better alternative to 
benzoic anhydride, we decided to examine the utility of substituted HBTM derivatives, which had 
previously proved to be more active and enantioselective in the KR of alcohols than the parent 
catalyst. HBTM-2 developed in our earlier study,9e showed slightly enhanced ee, but virtually the 
same yield and product/byproduct ratio (entry 4). Its isopropyl homologue reported by Smith et 
al.14f,16 also gave similar enantioselectivity, but suppressed the byproduct formation considerably, 
which led to an improved isolated yield (entry 5). Similar relative increase of the 
product/byproduct ratio (3- to 5-fold) was observed also in the case of methyl-, n-butyl- and 
isopropyl-substituted substrates(entries 6-8). In the latter case, the ee increased to 77%; however, 
the yield remained rather low (25%). Application of the standard KR protocol to this substrate 
(entry 9) raised the yield to 34%, which, however, was still below practically useful levels. 
Table 2.6.3. Optimization of the DKR protocol for bulky substrates.  
Entrya substrate catalyst activator 
% 
byprodb 
% 
yieldb 
% ee 
1c 
(S)-2-6h
S
HO2C
Me
 
N
S
N
Ph
2-1d
PMBAe 2 46 88 
2c 
(S)-2-6h
S
HO2C
Me
 
N
S
N
Ph
2-1d
Piv2O 0 45 86 
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3 
(S)-2-6h
S
HO2C
Me
 
N
S
N
Ph
2-1d
MNBAe 0 84 50 
4 
(S)-2-6h
S
HO2C
Me
 
2-1e
N
S
N
Ph
Bz2O 19 70 89 
5 
(S)-2-6h
S
HO2C
Me
 
2-1g
N
S
N
Ph
i-Pr
Bz2O 7 81 
(78) 
88 
6 
Me S
HO2C
(S)-2-6a  
2-1g
N
S
N
Ph
i-Pr
Bz2O 3 93 
(90) 
90 
7 
(S)-2-6i
Me(CH2)3 S
HO2C
 
2-1g
N
S
N
Ph
i-Pr
Bz2O 8 84 
(83) 
87 
8 
(S)-2-6j
S
HO2C
Me
Me
 2-1g
N
S
N
Ph
i-Pr
Bz2O 16 25 77 
9c,d 
(S)-2-6j
S
HO2C
Me
Me
 2-1g
N
S
N
Ph
i-Pr
DCC - 34 78 
[a] Reaction conditions: substrate (0.10 mmol), activator (0.12 mmol), (1-Np)2CHOH (0.12 mmol), iPr2NEt (0.4 mmol), catalyst 
(0.01 mmol), PhMe-d8, RT, 24 h, unless specified otherwise. [b] % byproduct and % yield were determined by 1H NMR using an 
internal standard. Isolated yield is reported in parentheses. [c] 3 days [d] standard KR protocol was used [e] PMBA = 
p-methoxybenzoic anhydride, MNBA = 2-methyl-6-nitrobenzoic anhydride. 
2.7 Computational experiments for the proposed transition states 
Our long-standing interest in elucidating the origin of enantioselectivity in ABC-promoted 
acylations prompted us to speculate on the mechanism of this new asymmetric transformation. In 
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both Shiina’s and our studies, the enantioselectivity was strongly dependent on the alcohol used, 
di(1-naphthyl)methanol being optimal and diphenylmethanol second best. This fact was in 
agreement with the enantiodiscrimination occurring in the second step of the catalytic cycle 
(Figure 2.7.1), and the importance of π-interactions in the transition state, analogous to the 
previously studied KR of secondary benzylic and other alcohols promoted by ABCs.9 More 
importantly, we observed that the absolute sense of enantioselection remained the same regardless 
of the relative size of groups R1 and X. It indicated that the enantiodiscrimination was governed 
by the electronic, rather than steric, properties of the -substituents. Thus, a transition-state model 
was proposed, as shown in Figure 2.7.1, wherein the alcohol nucleophile approached the acyl 
carbonyl from the face opposite the electron-withdrawing substituent, in close analogy to the 
clasical stereoelectronic Felkin-Anh model.  
Figure 2.7.1. Proposed catalytic cycle and transition state model 
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Polar -substituents have long been known to control the diastereofacial selectivity of 
nucleophilic addition to a carbonyl group.23 The transition-state model proposed by Felkin and 
subsequently refined by Anh24 successfully explained the observed selectivity in terms of 
stereoelectronic control exerted by group X (e.g., see Eq. 1 in Figure 2.7.2). For years, it has been 
used to predict which diastereomer will form predominantly in the addition of a Grignard reagent 
to a chiral aldehyde, or in the hydride reduction of a chiral ketone, to name just the two most 
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common examples.25 By contrast, the corresponding research in the chemistry of carboxylic acids 
and their derivatives is much less explored. The reason is clearly shown in Figure 2.7.2. The 
diastereofacial selectivity of the initial addition step may appear to be a moot point, since the 
resulting tetrahedral intermediate (or transition state) will collapse back to a carbonyl derivative, 
thus destroying the transient new chiral center (Eq. 2). However, if chirality is present in the 
nucleophile Y (Eq. 3a and 3b) or the leaving group Z (Eqs. 4a and 4b), this addition-elimination 
process may exhibit alternative modes of diastereoselectivity, which would likely be influenced 
by the stereochemistry of the initial nucleophilic attack. That is actually what we observed in our 
KR study discussed early in this chapter. Therefore, this computational investigation will not only 
help us to understand the reaction mechanism, but also will make a significant contribution from 
the theoretical standpoint. Our computational studies presented in this chapter demonstrate that 
stereoelectronic effects play a key role in controlling the enantioselectivity of catalytic, 
asymmetric alcoholysis of -substituted acyclic anhydrides. Although the venerable Felkin-Anh 
model has been the subject of many theoretical investigations,26 to the best of our knowledge, this 
is the first one extending its scope to carboxylic acid derivatives. 
Figure 2.7.2. Felkin-Anh model and nucleophilic acyl substitution 
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We chose the -chloropropionic acid as our standard substrate to start the transition-state model 
study. All the geometries were optimized at the B3LYP/6-31G(d)[27] level with SMD solvation 
model in toluene. To increase the accuracy of the calculation, especially the dispersion interaction, 
single point calculations by M062X/6-311++g(d,p) [28] were performed with SMD solvation to 
calculate the final free-energy difference. 
Figure 2.7.3 (S)- and (R)-2-chloropropionyl-(S)-HBTM cations (2-7a and 2-7b, respectively) 
and the corresponding transition states with diphenylmethanol. 
 
We began by comparing the two diastereomeric N--chloropropionyl-HBTM cations 2-7a and 
2-7b (Figure 2.7.3). Their geometries demonstrated that the conformation of the acyl group in 
both cases is governed by stereoelectronic effects placing the carbon-chlorine bond almost 
perpendicularly to the carbonyl (~98° dihedral angle). It is noteworthy that 2-7b, corresponding to 
the slow-reacting enantiomer of the substrate, is thermodynamically favored over 2-7a by 2.5 
kcal/mol, which points to Curtin-Hammett control of enantioselectivity.29 With these data in hand, 
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we proceeded to analyze the transition states corresponding to the two diastereomeric cations. To 
minimize the calculation times, we replaced the chloropropionate counterion with acetate anion 
and di(1-naphthyl)methanol with diphenylmethanol. All accessible orientations of the three 
components were then subjected to geometry optimization. Structures 2-7a-TS1 and 2-7b-TS1 
were finally identified as the clear global energy minima for each respective diastereomer.30 In 
transition state 2-7a, the alcohol can be seen to approach the carbonyl from the unhindered β-face 
and at a 169° dihedral angle with respect to the C—Cl bond.  In its diastereomer, however, the 
analogous Felkin-Anh geometry cannot be realized, because it would require the alcohol to 
approach from the -face and overcome the severe repulsive interactions with the C2-phenyl 
group on the catalyst. Thus, in the latter case, the alcohol is forced to adopt the “anti-Felkin-Anh” 
trajectory and attack the carbonyl antiperiplanar to the methyl group (172° dihedral angle). Single 
point calculations indicated that 2-7a-TS1 is favored over 2-7b-TS1 by 3.2 kcal/mol, which is 
consistent with our experimental observation that the (S)-enantiomer of -chloropropionic acid 
reacts faster than (R)-in the presence of (S)-HBTM. In a similar manner, we examined the two 
analogous diastereomeric transition states 2-8a-TS1 and 2-8b-TS1 derived from (R)-BTM (Figure 
2.7.4) and obtained almost the same results, which is in accord with essentially the same 
enantioselectivities obtained with BTM and HBTM in the KR of -chloropropionic acid.   
Figure 2.7.4. Transition states derived from (R)- and (S)-2-chloropropionyl-(R)- BTM 
cations with diphenylmethanol. 
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Not surprisingly, the transition states derived from HBTM (2-7a-TS1 and 2-b-TS1) and BTM 
(2-8a-TS1 and 2-8b-TS1) look qualitatively similar. The C—Cl bond is somewhat elongated in 
the fast-reacting 2-7a-TS1 and 2-8a-TS1, compared to their respective diastereomers (1.86 Ǻ for 
2-7a-TS1 vs 1.82 Ǻ for 2-7b-TS1; 1.86 Ǻ for 2-8a-TS1 vs 1.81 Ǻ for 2-8b-TS1), which is an 
indication of interactions between the σ* orbitals and the incoming nucleophile. Frequency 
analysis indicates that the nucleophilic attack of the alcohol hydroxyl on the carbonyl group and 
the deprotonation of the former by the acetate proceed in a concerted fashion. In the resulting 
hydrogen-bound complex, the migrating proton is closer to the acetate (1.1 Ǻ) than to the alcohol 
oxygen (1.3 Ǻ). Other, less significant, interactions are suggested by the relatively short distances 
between the acetate anion and the hydrogen at C2 of both catalysts (2.1-2.2 Ǻ), between the 
oxygen of the acyl carbonyl and the -hydrogen of diphenylmethanol (2.3-2.4 Ǻ), and between 
the acetate and the -proton of the acyl group (ca. 2.3 Ǻ, observed only in 2-7a-TS1 and 
2-7b-TS1). 
By analogy with our previous computational studies on the KR of benzylic alcohols,13 we 
expected to see evidence of significant cation-π interactions between the N-acylated catalysts and 
one of the phenyl groups of the alcohol. However, in each of the cases shown above, the 
benzothiazolium cation and the benzene ring are 4.1- 4.2 Ǻ apart (as measured between the 
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closest atoms) and far from being parallel, which suggests a lesser role played by π-interactions in 
the KR of carboxylic acids, compared to the aforementioned study (3.74 Ǻ distance, 8° dihedral 
angle between the analogous moieties). 13 
Figure 2.7.5. Transition states derived from (S)- and (R)-2-chloropropion-yl-(S)- HBTM 
cations 1a and 1b with benzyl alcohol (2-7a-TS2 and 2-7b-TS2) and with 
di(1-naphthyl)methanol (2-7a-TS3 and 2-7b-TS3). 
 
It was also of interest to see whether our calculations would support the experimentally 
observed dependence of the enantioselectivity on the alcohol used. Replacing diphenylmethanol 
with benzyl alcohol in transition states 2-7a-TS1 and 2-7b-TS1 and re-optimization of geometry 
resulted in a decreased G (3.0 kcal/mol between 2-7a-TS2 and 2-7b-TS2, Figure 2.7.3 vs. 3.2 
kcal/mol between 2-7a-TS1 and 2-7b-TS1, Figure 3.7.3), in accord with the lower 
enantioselectivities obtained using the less bulky alcohol. Interestingly, the phenyl group of 
benzyl alcohol preferred to adopt a position over the benzothiazolium moiety, which suggested 
that π-interactions did play a role in the stabilization of the transition state. Analogous calculations 
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using di(1-naphthyl)methanol (2-7a-TS3 and 2-7b-TS3) produced a larger free energy gap (4.4 
kcal/mol), which was consistent with its superior performance in kinetic resolution.  
Having examined the simplest model that resembled closely our substrate in sufficient detail, 
we proceeded to investigate the effects of other electron-withdrawing and polarizable substituents 
(using diphenylmethanol to minimize computational times). The results are summarized in Table 
2.7.1. As expected, considerable qualitative resemblance was observed in the geometries of all 
cases studied. Some correlation was noted between the calculated G values and the 
experimentally observed structure-enantioselectivity trends: OMe > N-phthalimide ~ Ph > SMe ~ 
Cl ~ N3. Elongation of the C-X bond by 0.01-0.04 Ǻ was observed in every case. 
Table 2.7.1. Comparison of the Felkin-Anh effect in the TS of different-substituted 
propionic acids. 
Entry X 
G 
kcal/mol 
s 
C-X bond length 
fast slow 
1 -OMe 5.3 96a 1.43 1.42 
2 -NPht 3.6 35a 1.48 1.46 
3 -Ph 3.5 33a 1.53 1.52 
4 -SMe 3.9 21b 1.87 1.85 
5 -Cl 3.2 21a 1.86 1.82 
6 -N3 2.6 21a 1.50 1.48 
[a] Selectivity factor obtained under standard KR conditions using di(1-naphthyl)methanol [b] Selectivity factor estimated from 91% 
ee obtained with the SPh analogue under similar DKR conditions. 
Figure 2.7.6 Steric repulsions in the fast- and the slow-reacting diastereomers. 
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Finally, we decided to examine the origin of another general trend we had observed in our KR 
experiments: increasing the size of the R1 group resulted in progressively lower 
enantioselectivities. It was difficult to predict whether the fast- or the slow-reacting diastereomer 
of the transition state would suffer greater destabilization by a bulkier R1 group. On the one hand, 
in the former, there would be increased repulsion between the R1 group and the carbonyl oxygen 
and/or the bulky alcohol. On the other hand, the phenyl group on the catalyst might also be 
repelled by the R1 group (Figure 2.7.6). Which of these two conflicting factors should win? To 
answer this question, we replaced the methyl groups in the diastereomeric transition states 
2-7a-TS3 and 2-7b-TS3 with isopropyls (Figure 2.7.7). The free energy gap decreased from 4.4 to 
2.5 kcal/mol, which is in a qualitative agreement with the experimental data. 
Figure 2.7.7. Transition states derived from (S)- and (R)-2-chloroisovaler-yl-(S)- HBTM 
cations 3a and 3b with di(1-naphthyl)methanol. 
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2.8 Conclusion 
HBTM-catalyzed enantioselective esterification described herein provides an effective 
approach to the kinetic resolution of a wide variety of chiral carboxylic acids bearing an aryl or 
electron-withdrawing group at the -position.  This methodology is fairly robust, amenable to 
scaleup,29 and does not rely on the use of enzymes or stoichiometric chiral reagents. The 
di(1-naphthyl)methyl ester products can be easily deprotected via hydrogenolysis or treatment 
with acid or reduction to alcohols with little or no racemization. Use of half an equivalent of DCC 
as the condensing agent is particularly attractive due to its low cost and ease of separation from 
reaction products. The modified protocol employing benzoic anhydride, however, is more 
practical in the DKR of -(aryl/alkylthio)alkanoic acids. 
Our findings can be summarized as follows. The dependence of asymmetric induction on the 
nature of the alcohol employed, clearly points to the second step of the catalytic cycle being 
enantioselectivity-determining (Figure 2.7.1). Structure-selectivity trends observed in all cases 
studied so far (except azlactones in chapter 3) are qualitatively consistent with a Felkin-Ahn-like 
predictive model (Figure 2.7.1) wherein steric and stereoelectonic factors govern the 
enantioselectivity. As a general rule, the enantioselectivity decreases with increasing the steric 
bulk of the alkyl group on the substrate. The correlation between electronic properties of the 
-substituent and the enantioselectivity is less straightforward. It is not clear at this point to what 
extent steric and electronic interactions between the -substituent and the C2-phenyl group of the 
catalyst play a role in enantioselection. Finally, a comment is about the relative performance of 
several amidine-based catalysts employed in this study. In most cases examined, HBTM proved 
more enantioselective than BTM, sometimes by a wide margin. Substituted HBTM analogs are 
comparable to the prototype in terms of enantioselectivity, at least in the case of 
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-(arylthio)alkanoic acids(Table 2.6.3). However, suppression of the benzoyl group transfer 
achieved with i-Pr-HBTM is noteworthy and may prove advantageous in other applications of the 
mixed-anhydride protocol. 
The results of calculations presented above indicate that the stereoelectronic effects of 
-substituents play a key role in determining the enantioselectivity of ABC-promoted alcoholysis 
of acyclic chiral acyl donors.  This study provides theoretical support for our proposed transition 
state model and, more generally, demonstrates that the Felkin-Anh line of reasoning is applicable 
to the analysis of diastereoselectivity in acyl substitution reactions. Although so far we have 
focused on only one type of such transformations, we believe that our conclusions can be 
extrapolated to the other two types as well and thus will help elucidate their mechanism of 
asymmetric induction. 
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See experimental part. 
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Chapter III  Dynamic Kinetic Resolution of Azlactones Catalyzed by 
Amidine-based Catalysts 
3.1 Introduction 
In the context of our studies on enantioselective alcoholysis of acyl donors (see Chapter 2), we 
became interested in exploring azlactones—an interesting class of compounds, which may be 
viewed as cyclic ahydrides of N-acylated -amino acids.  As such, they are known to react with 
alcohols forming the corresponding -amino esters. Furthermore, azlactones are easily racemized 
in solution, due to the aromatic stabilization of their enol form. Therefore, their enantioselective 
alcoholysis can be predicted to proceed in the dynamic kinetic resolution (DKR)1 mode, which is 
more attractive than conventional KR due to its inherently higher efficiency (up to 100% 
theoretical yield of the product) (Figure 3.1.1). 
Figure 3.1.1 Dynamic kinetic resolution of azlactones 
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Enzymes have proved to be effective in this transformation.3 However, they share a common 
drawback: Enzymes are available in only one enantiomeric form and the reversal of 
enantioselectivity in a given enzymatic reaction usually requires identification of a different 
enzyme and a different set of conditions. Therefore, the development of low-molecular-weight 
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catalysts has significant practical merit. Several mechanistically different methods have been 
employed to achieve the alcoholysis of azlactones, as shown in Figure 3.1.2. In 1997, Seebach et 
al. reported a Lewis acid-catalyzed version of this reaction using Ti(IV) TADDOLate producing 
moderate ee’s (up to 68%).4 Promising levels of enantioselectivity (up to 78% ee) were achieved 
by Fu et al. in 1998 using enantioselective acyl transfer catalyst (Figure 3.1.2).5 Low 
enantioselectivities (<39% ee) were reported by Hua et al. in 1999 using a combination of a chiral 
diketopiperazine, cyclo-[(S)-His-(S)-Phe], with diisopropyl L-tartrate, presumed to activate 
azlactones via hydrogen bonding.6 During 2005 to 2008, encouraging results have been obtained 
by Berkessel et al.7 and Connon et al.8 using bifunctional catalysts (72-95% ee) and (78-88% ee), 
respectively. After we had completed the study described below, our labmate Guojian Lu 
developed a mechanistically different method for the DKR of azlactones via chiral phosphoric 
acid-catalyzed alcoholysis (85-92 % ee).9 
Figure 3.1.2 Catalysts previously employed for the DKR of azlactones 
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As described in the preceding chapter, we hypothesized that stereoelectronic effects play a key 
role in enantio-differentiation during HBTM-catalyzed KR of -substituted alkanoic acids via 
their anhydrides. , We realized that a similar mechanism may also be applicable to the case of 
azlactones. 
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Figure 3.1.3 Amidine-based acyl transfer catalyst developed by our group 
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3.2 Dynamic kinetic resolution of azlactones catalyzed by amidine-based catalysts 
The study started from HBTM catalyst, which showed the best performance in our earlier study 
for KR symmetrical anhydrides. An equimolar combination of HBTM and benzoic acid was 
found to promote the methanolysis of methyl substrate without any appreciable enantioselectivity 
(Table 3.2.1, Entry 1). Switching to benzyl alcohol resulted in a modest ee (Entry 2). The reaction 
with diarylcarbinols was extremely slow (Entries 3 and 4). After these disappointing first results, 
we were pleased to discover that BTM is much more effective in this reaction. Encouraging 
results were obtained even using methanol (entry 5); however, the bulky di(1-naphthyl)methanol 
was required to bring the enantiomeric excess to a respectable 85% (entry 11). The special 
property of the bulky aromatic rings made the products very easily recrystallizable. A single 
recrystallization from ethyl acetate produced completely enantiopure material (>99.5% ee). The 
earlier imidazoline-based catalysts, CF3-PIP and Cl-PIQ, proved to be competent but less active 
and less enantioselective than BTM (entries 12-14). 
Table 3.2.1 Catalyst and alcohol screening 
N
O
Me
O
Ph
Catalyst-BzOH (1:1)
1 equiv R2OH
CDCl3, rt
CO2R2
NHBz3-8a  
Entry Catalyst (mol %) Time, d R2 % convna % ee 
1 (S)-HBTM(5) 1 Me 54 <3 
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2 (S)-HBTM(5) 1 PHCH2 47 -25 
3 (S)-HBTM(5) 1 Ph2CH 5 ND 
4 (S)-HBTM(10) 1 1-Np2CH <5 ND 
5 (S)-BTM(5) 2 Me 91b 34b 
6 (S)-BTM(5) 2 PhCH2 94b 48b 
7 (S)-BTM(5) 2 1-NpCH2 97b 51b 
8 (S)-BTM(5) 2 2-NpCH2 96b 47b 
9 (S)-BTM(5) 2 Me2CH <5 ND 
10 (S)-BTM(5) 2 Ph2CH 91b 75b 
11 (S)-BTM(5) 2 1-Np2CH 96b 85b 
12 (S)-BTM(10) 0.4 1-Np2CH 92b 80b 
13 (S)-CF3-PIP(10) 2 1-Np2CH 47 59 
14 (R)-Cl-PIQ(10) 2 1-Np2CH 47 -52 
[a] Conversion was determined by 1H NMR, unless indicated otherwise. [b] Reported % isolated yields and % ee’s are averages of 
two runs. 
Changing the amount of benzoic acid relative to the catalyst did not have a significant effect on 
the reaction rate or the enantioselectivity, although in the absence of the acid promoter the 
reaction did not proceed at all, which is consistent with Fu’s original report (entries 1-4, Table 2). 
Lower catalyst loadings, down to 2 mol %, were still effective, although prolonged reaction time 
was necessary (entries 5 and 6). Decreased temperatures proved to be detrimental to the 
enantioselectivity, while higher temperatures resulted in a higher rate, but the same ee (entries 
7-9). Solvents other than chloroform were less effective, in line with our earlier experience with 
the KR of alcohols (entries 10-13). 
Table 3.2.2 Variation of reaction conditionsa 
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(S)-BTM, BzOH
1 equiv (1-Np)2CHOHN
OPh
Me
O
Me COOCH(1-Np)2
NHBz
 
entry 
mol % 
10 
mol % 
BzOH 
time 
d 
temp 
°C 
solvent 
% 
convn 
% ee 
1 10 0 1 23 CDCl3 <5 ND 
2 10 5 0.4 23 CDCl3 90 83 
3 10 10 0.4 23 CDCl3 92 80 
4 10 20 0.4 23 CDCl3 93 82 
5 5 5 2 23 CDCl3 94 85 
6 2 2 4 23 CDCl3 94 84 
7 5 5 2 0 CDCl3 95 72 
8 5 5 2 -20 CDCl3 94 55 
9 5 5 1 45 CDCl3 91 84 
10 5 5 2 23 C6D6 98 80 
11 5 5 2 23 CH2Cl2 95 74 
12 5 5 2 23 CH3CN 85 66 
13 5 5 2 23 THF <5 ND 
[a] Conversion in all cases was determined by 1H NMR. 
DKR of other azlactones bearing primary alkyl substituents produced uniformly good yields 
and ee’s in the 80-90% range (Table 3.2.3, entries 1-5). Isopropyl-substituted substrate 3-8f 
proved resistant to alcoholysis under the same conditions (entry 6). On the other hand, excellent 
enantioselectivity (94% ee) was obtained in the case of 2,4-diphenylazlactone 3-8g (entry 7). This 
result was remarkable given the fact that the highest ee previously reported for either enzymatic or 
 62
nonenzymatic DKR of this substrate (or any other 4-aryl-substituted azlactones) has been 75%. 
Variation of electronic properties of the C4-aryl substituent had only a slight effect on the 
enantioselectivity or reaction rate (entries 8-11). DKR of the 1-naphthylsubstituted substrate 3-8l, 
however, proceeded rather slowly with lower enantioselectivity (entry 12). Substrate 3-8m was 
completely unreactive, presumably due to the presence of an ortho-substitutuent (entry 13). 
Table 3.2.3 Structural variation of azlactone substratesa 
10 mol % (S)-BTM, 
5 mol % BzOH 
1 equiv (1-Np)2CHOH
CDCl3, Na2SO4, rt
N
OPh
R1
O
R1 CO2CH(1-Np)2
NHBz
 
entry substrate Time d R1 % yieldb % eeb 
1 3-8a 0.4 Me 90 83 
2 3-8b 7 Me2CHCH2 97 80 
3 3-8c 3 MeSCH2CH2 92 90 
4 3-8d 4 PhCH2 94 83 
5 3-8e 4 CH2=CHCH2 88 83 
6 3-8f 4 Me2CH <5 ND 
7 3-8g 2 Ph 89 94 
8 3-8h 2 p-MeOC6H4 87 91 
9 3-8i 2 p-ClC6H4 88 96 
10 3-8j 2 p-BrC6H4 90 95 
11 3-8k 2 2-naphthyl 88 91 
12 3-8l 7 1-naphthyl 46 76 
13 3-8m 2 2,4-(MeO)2C6H3 0 ND 
14c 3-8h 2 p-MeOC6H4 86 92 
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15c 3-8i 2 p-ClC6H4 86 97 
16c 3-8n 2 p-FC6H4 90 95 
[a] Na2SO4 was added to prevent loss of catalytic activity of BTM during prolonged reactions. 
[b] Reported % isolated yields and % ee’s are averages of two runs.  
[c] Azlactone was generated in situ. The yield is based on the N-benzoyl-a-arylglycine starting material. 
Initially, azlactones 3-8a-m used in this study were synthesized in a separate step and purified 
by recrystallization before subjecting them to the DKR conditions. Later, however, we found that 
in situ cyclization of N-benzoyl--amino acids with DCC followed by addition of 
di-(1-naphthyl)methanol and the catalyst works just as well as the earlier, more time-consuming 
protocol (Table 3.2.3, entries 14-16 vs 8 and 9,). Coupled with the one-step synthesis of starting 
materials via the Ben-Ishai amidoalkylation of simple arenes,13 this procedure provides an 
attractive route to enantioenriched arylglycine derivatives14 illustrated in Scheme 3.2.1. 
Hydrogenolysis of dinaphthylmethyl ester proceeded without appreciable erosion of enantiomeric 
purity. 
Scheme 3.2.1 Asymmetric synthesis of arylglycines 
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3.3 Origin of enantioselectivity in benzotetramisole-catalyzed dynamic kinetic Resolution of 
Azlactones 
It is of interest to analyze the mechanism of enantiodifferentiation in the DKR of azlactones. 
Berkessel et al.7a proposed that the thiourea-catalyzed version of this process occurs via 
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irreversible, hydrogen bonding-assisted attack of the alcohol on the less hindered face of the 
substrate, which results in the highest enantioselectivity being observed in the case of the bulkiest 
C4-substituents (R1 = isobutyl (3-8b), isopropyl (3-8f) , or tert-butyl). The situation is clearly 
different in our case. The strong dependence of the enantioselectivity on the alcohol nucleophile 
indicates that enantiodifferentiation occurs in the second step of the catalytic cycle (Figure 3.3.1), 
which is very similar to the results we observed for KR of symmetrical anhydrides. Interestingly, 
the absolute sense of asymmetric induction and structure-selectivity trends turned out to be 
reversed from the Felkin-Anh prediction. In addition, the different preference with regard to the 
catalysts(BTM instead of HBTM) seems to indicate the strong geometry requirement for this 
reaction. Inspired by the chelation control model for carbonyl chemistry, we proposed a TS model 
based on our earlier model. The hydrogen bonding between the benzamide group and the reacting 
carbonyl may help to further activate the acyl donor and lower the overall energy of the TS, which 
is the key point of this model. The involvement of  ~  interactions with the C2-phenyl group on 
the catalyst and/or lower steric repulsion may explain the higher enantioselectivity generally 
observed in the DKR of the aryl-substituted azlactones 3-8g-k compared to the alkyl-substituted 
ones 3-8a-e. The low reactivity of substrate bearing bulky C4 substituents (3-8f, l, and m) is also 
consistent with this proposal. 
Figure 3.3.1 Proposed catalytic cycle and transition state (benzoate anion omitted for 
clarity). 
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In order to verify this H-bond hypothesis, the possible transition states were investigated by 
computational methods. Interestingly, instead of the H-bond, the computed TS structures 
indicated the stereoselectivity is determined by the electrostatic attractions between the amide on 
the  carbon and the acetate bound to the nucleophile. The BTM catalyst confines the 
conformation around the Csp2–C bond and directs the -facial selectivity of the nucleophilic 
attack. 
The calculations were performed with the M06-2X functional in Gaussian 09. The M06-2X 
functional gives better performance in treating cation- and - dispersion interactions and 
hydrogen bonding interactions,15 both of which are important to describe the energetics of the 
transition states in this study. Geometries were optimized with the 6-31G(d) basis set and single 
point energies were calculated with the 6-311+G(d,p) basis set. The SMD solvation model16 with 
chloroform solvent was used in geometry optimizations and single point energy calculations. To 
simplify the calculations, acetate was used as the counterion in place of benzoate. 
Diphenylcarbinol was used as the secondary benzylic alcohol, although it provided a slightly 
lower enantioselectivity than di(1-naphthyl)methanol (75% ee vs 83% ee, see Table 3.2.1).  
The lowest energy TSs for the fast and slow reacting enantiomers in the BTM-catalyzed 
reaction of the 4-methylazlactone and diphenylcarbinol are shown in Figure 3.3.2. Both transition 
states share several common characteristics. The acyl carbonyl is nearly coplanar with the 
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dihydroimidazolium ring and points toward the S atom on the BTM. One of the phenyl groups in 
the diphenylcarbinol almost parallels the dihydroimidazolium plane at a distance around 3.3 Å, 
indicating strong cation- interactions. The acetate anion binds with the hydroxy hydrogen in the 
alcohol and the C-2 hydrogen of the dihydroimidazolium. Vibrational frequency analysis of the 
TSs indicated that the nucleophilic attack of the alcohol to the carbonyl and the deportonation of 
the hydroxyl group on the alcohol proceed simutanously via a concerted mechanism. The forming 
C–O bond and breaking O–H bond lengths are similar for both 3-8a-TS-1 and 3-8a-TS-2 (2.09 Å 
vs 2.08Å for C–O and 1.30 Å vs 1.26 Å for O–H bonds, respectively). These key feasures of the 
TSs are consistant with earlier computational studies of ABCs-catalyzed acyl transfer reactions 
from our group and Shiina’s group. 
Figure 3.3.2. Comparison of the lowest energy TSs for the reaction of 4-methyl- azlactone 
and diphenylcarbinol. 
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The transition state with the fast reacting enantiomer (TS-1) is 1.2 kcal/mol more stable than 
TS-2. This corresponds to a 76% ee, in good agreement with the experiment (75% ee). 
The structures of the transition states indicated that the origin of the enantioselectivity is 
attributed to the stabilizing electrostatic interactions between the acetate and the carbonyl group 
on the amide in TS-1. The Newman projections of TS-1 and TS-2 are shown in Figure 3.2.2. The 
bulky (S)-BTM fixed the conformation about the Csp2–C bond so that the smallest C 
substitunt, hydrogen, points towards the BTM. The alcohol nucleophile approaches from the 
unencumbered top face of the carbonyl to avoid repulsions with the C-2 phenyl group below the 
(S)-BTM plane. In TS-1, the Me is antiperiplanar to the incoming nucleophile with a dihedral 
angle of –176.3°. The amide is gauche to the nucleophile. The cation- interaction between the 
phenyl on the alcohol and the BTM fixes the conformation of the alcohol and points the acetate, 
the base to deprotonate the alcohol, towards the amide on C. This conformation leads to 
noticable electrostatic attractions between the positively charged amide and the acetate anoin. The 
C–O distance between the amide carbonyl carbon and the acetate oxygen in 3-8a-TS-1 is 2.91 Å. 
Previous crystallographic and computational studies suggested stabilizing carbonyl–carbonyl 
interactions at such distances are commonly found in crystal structures of small molecules and 
proteins.17 In 3-8a-TS-2, the amide is antiperiplanar to the nucleophile and no electrostatic 
interactions are observed. Electrostatic interactions with the nucleophile have been recognized as 
an important factor on the -facial selectivity in nucleophilic additions to cyclic ketones 
substituted by polar groups.18 In this acyclic system, the BTM catalyst confines the conformation 
of stereoisomer 3-8a-TS-1 so that the amide carbonyl is positioned in close proximity to the 
partially negative acetate group bound to the nucleophile. As a result, the electrostatic attactions 
become the major effects to stabilize 3-8a-TS-1 and thus to control the enantioselectivity. 
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Other stereoelectronic effects, including the previously proposed intramolecular hydrogen 
bonding and - interactions with the phenyl group on the benzamide, appeared to be of 
secondary importance for the stereoselectivities of the reaction with 4-methylazlactone. The 
optimized TS geometry suggests that the intramolecular hydrogen bonding in 3-8a-TS-1 is very 
weak. The distance between the amide hydrogen and the acyl oxygen is 2.51 Å, and the N–H···O 
angle is 97.9°. The N–H bond in the amide is not in the same plane as the acyl carbonyl. In 
addition, conformational search on the acyl-BTM intermediates indicated the most stable 
conformations of the intermediates do not involve intramolecular hydrogen bonding. In 3-8a-TS-1, 
- interactions are observed between the phenyl group on the benzamide and the phenyl on the 
alcohol. The degree of these stablizing - interactions is comparable to the - interactions 
between the phenyl on the benzamide and the phenyl on the BTM in 3-8a-TS-2. In a test 
calculation, replacing the benzamide with acetamide leads to essentially the same 
enantioselectivity. 
The enantioselectivity of the reaction with 4-phenylazlactone and diphenylcarbinol was also 
computed. The most favorable transition states for the fast- and slow-reacting enantiomers are 
shown in Figure 3.3.3. The transition state for the fast reacting enantiomer (3-8a-TS-3) is favored 
by 2.5 kcal/mol. The increase in the computed activation energy difference compared to the 
reaction with 4-methylazlactone is consistent with the greater enantioselectivity with 
4-phenylazlactone observed in the experiment. In addition to the electrostatic attractions between 
the amide carbonyl and the acetate anion, 3-8a-TS-3 is also stabilized by the ~ interaction 
between the phenyl group on C and the phenyl on the BTM. The distance between the centers of 
the benzene rings is 3.84 Å. The Csp2–C bond in 3-8a-TS-3 is rotated by about 4° compared to 
3-8a-TS-1 to achieve a shorter distance between the benzene rings.  
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Figure 3.3.3. Comparison of the lowest energy TSs for the reaction of 4-phenyl- azlactone 
and diphenylcarbinol. 
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To ensure the computational method in the present study is adequate, we compared the 
performance of several levels of theory for the prediction of enantioselectivities in the reaction 
with 4-methylazlactone. The results are summarized in Table 3.3.1. B3LYP/6-31G(d) predicted 
the wrong major enantiomer (entry 1), presumably due to its poor performance of treating - 
dispersion interactions.19 M06-2X/6-311+G(d,p) single point energy calculations and 
B3LYP-D315 dispersion corrections on B3LYP optimized geometries provided satisfacory results 
compared to the experimental selectivity (entries 2 and 3). Better agreement with the experiment 
was obtained by employing M06-2X/6-31G(d) in geometry optimizations (entries 4 and 5). These 
results indicated that using modern functionals which provide more accurate dispersion energy, 
such as M06-2X, or dispersion correction methods, such as DFT-D3,20 is essential to the accurate 
prediction of enantioselectivity for such catalytic systems.  
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Table 3.3.1. Comparison of computational methods for the reaction of 4-methylazlactone. 
entry methoda ∆∆G‡ (∆∆H‡) 
/kcal mol-1 
1 B3LYP/6-31G(d) -0.2 (0.5) 
2 M06-2X/6-311+G(d,p)// 
B3LYP/6-31G(d) 
1.9 (2.6) 
3 B3LYP-D3/6-31G(d)// 
B3LYP/6-31G(d) 
2.6 (3.3) 
4 M06-2X/6-31G(d) 1.8 (2.2) 
5 M06-2X/6-311+G(d,p)// 
M06-2X/6-31G(d) 
1.2 (1.6) 
6 experimental data 1.2b 
[a] The SMD solvation model with chloroform solvent was used in all geometry optimizations and single point energy calculations. 
[b] ∆∆G‡ calculated from experimental ee of 75 %. 
3.4 Conclusion. 
In conclusion, we have developed a new, highly enantioselective method for the DKR of 
azlactones. It is especially suited for the C4-aryl-substituted substrates, thus complementing the 
previously available enzymatic and non-enzymatic protocols.  
Computational investigations were performed on the origins of enantioselectivity in the 
BTM-catalyzed DKR of azlactones. The transition states of the fast-reacting enantiomer are 
stabilized by electrostatic interactions between the amide carbonyl group and the acetate anion 
bound to the nucleophile. The chiral BTM catalyst confines the conformation of the  carbon as 
well as the facial selectivity of the nucleophilic attack to promote such electrostatic attractions. 
 71
The enantioselectivity with 4-phenylazlactone is increased due to the  interaction between the 
phenyl groups on the  carbon and on the BTM in the favorable TS. The results of this 
investigation may help to expand the application of azlactones, as a special building block, to 
other enantio-selective processes. 
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Chapter IV  Catalytic, Enantioselective N-Acylation Using Amidine-Based 
Catalysts 
4.1 Introduction 
Chiral lactams and their derivatives comprise an important class of compounds. They are 
widely used as pharmaceuticals1, chiral auxiliaries2, and synthetic intermediates.3 Therefore, 
practical methods for their preparation are still in high demand. Although mechanistically 
different synthetic methods have been reported based on either chiral precursors or asymmetric 
catalysis,4 the kinetic resolution (KR) of N-unsubstituted lactams may also have its unique 
practical merit, especially in those cases when lactams are easily available in racemic form. In 
addition, compared with the extensive investigation of enantioselective acylation of alcohols, 
enantioselective N-acylation, including that of N-monosubstituted amides, remains much less 
explored.  
Since 2003, four generations of amidine-based enantioselective acyl transfer catalysts have 
been developed by our group (Scheme 2.1.2) and successfully applied to the KR of several classes 
of chiral alcohols.5 From the beginning, our group also has been interested in exploring the 
potential of amidine-based catalysts in the catalytic, enantioselective acylation of nitrogen 
nucleophiles.  
The KR of amines via acyl transfer catalysis is a challenging problem. Amines usually exhibit 
high reactivity towards conventional acyl donors, which results in rapid background reaction. 
Most examples of this transformation are based on enzymatic methods.6 In 2001, Fu et al. 
reported the first example of KR of amines via nonenzymatic catalytic acylation(Figure 4.1.2).7 
 75
To avoid the background reaction, a structurally complex acyl donor was used and proved to be 
successful in their study. It was not until recently that acylative KR of amines with benzoic 
anhydride was achieved by Seidel et al.8a,b In 2011, another example was reported by Bode et al. 
The reaction was achieved by using a nucleophilic carbene in combination with a chiral 
N-hydroxyl additive 4-8.8c 
Figure 4.1.1 Amidine-based catalysts and their application to the KR of alcohols 
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Figure 4.1.2 Enantioselective N-acylation of amines via nonenzymatic catalysis 
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Compared with amines, the enantioselective N-acylation of secondary amides with simple 
anhydrides should be inherently less problematic because of the lower nucleophilicity of the 
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amides. In 2006, the first example based on this idea was reported by our group.9 Racemic 
oxazolidin-2-ones were successfully resolved by using amidine-based catalysts. The reaction 
could be achieved with very high selectivity factors (up to 500) at room temperature, which 
demonstrated its the great practical utility. According to preliminary studies by previous members 
of our group, structurally similar lactams and thiolactams also showed promise as substrates for 
enantioselective acylation. In 2010, KR of acyclic thioformamides was reported by Miller et al.10 
Their study may be viewed as complementary to our efforts. (Figure 4.1.3)  
Figure 4.1.3 Enantioselective N-acylation of amides via nonenzymatic catalysis 
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Encouraged by the success of our early studies in this area, we set out to explore a broad range 
of lactam substrates, aiming to define the scope of KR catalyzed by amidine-based catalysts and 
to understand the relationship between the substrate structures and their 
reactivity/enantioselectivity. 
4.2 Further extension of the substrate scope of kinetic resolution of oxazolidinones 
In 2006, our group disclosed the first examples of KR of 4-aryl-oxazolidinones via 
enantioselective N-acylation. The inspiration came from a prior report that N-acylation of 
oxazolidinones with anhydrides is effectively promoted by DMAP, the classical achiral acyl 
transfer catalyst.11 we list most of the important results from the previous publication for the 
convenience of discussion (Table 4.2.1 entries 1-5 and Table 4.2.2 entries 1-8). Generally 
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speaking, BTM has emerged as the catalyst of choice for most of the oxazolidinones studied, due 
to its outstanding enantioselectivity and the convenience of the optimal reaction conditions 
(chloroform at room temperature). Cl-PIQ, on the other hand, typically produces lower selectivity 
factors and, besides, reaches its peak performance in tert-amyl alcohol, which is less than ideal 
from the practical standpoint. But it usually shows the best catalytic activity among amidine-based 
catalysts, which makes this catalyst especially suitable for low-reactivity substrates. HBTM, 
which was developed a few years later, does not look promising, based on the results obtained 
with the prototypical substrate (Table 4.2.1, entry 1c). The absolute sense of enantioselection and 
the general structure-selectivity trends noted in this study were consistent with the cation- 
interaction model proposed earlier in the context of enantioselective O-acylation.(Figure 4.1.1)  
As a further extension of the substrate scope, we demonstrated that non-aromatic substituents, 
such as a conjugated alkene, alkyne, or an ester group, can also be quite effective as chiral 
recognition elements (Table 4.2.1, entries 6-8), which, again, is in accord with the successful KR 
of the analogous alcohols by the same catalysts. As we had expected, an aryl or heteroaryl group 
next to the nitrogen of the substrates was important not only for the enantioselectivity, but even 
reactivity. Thus, isopropyl-substituted oxazolidinone simply failed to react under our standard 
reaction conditions (Table 1,entry 9). A special deactivation effect of BTM was observed in 
conjugated alkene substrate (Table 1,entry 6b). This reaction stopped at a relative low conversion. 
The reason for this phenomenon is still unclear. This problem could be solved by switching the 
catalyst to Cl-PIQ (Table 1,entry 6a). 
Table 4.2.1. KR of 4-substituted oxazolidinones. 
HN
O
O
R
(i-PrCO)2O
i-Pr2NEt
CHCl3
N
O
O
R
O
+ HN O
O
R
ABCs 4-1b~d
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entry (±)-substrate catalyst (mol%) 
temp (°C) time 
(h) 
%C s 
1aa,c 
O
HN
O
4-4a  
(R)-Cl-PIQ (4) 0°, 19 h 44 24 
1bb,c (R)-BTM (8) 23°, 5 h 48 170 
1cd (S)-HBTM (4) 23°, 24 h 44 45 
2aa,c 
4-4b
O
HN
O
 
(R)-Cl-PIQ (4) 0°, 17 h 46 38 
2bb,c (R)-BTM (4) 23°, 21 h 42 450 
3aa,c 
4-4c
O
HN
O
 
(R)-Cl-PIQ (4) 0°, 19 h 44 44 
3bb,c (R)-BTM (4) 23°, 14 h 47 260 
4aa,c 
4-4d
O
HN
O
O
 
(R)-Cl-PIQ (4) 0°, 17 h 50 25 
4bb,c (R)-BTM (4) 23°, 9 h 42 96 
5aa,c 
4-4e
O
HN
O
S
 
(R)-Cl-PIQ (4) 0°, 15 h 47 16 
5bb,c (R)-BTM (4) 23°, 6 h 49 430 
6aa 
4-4f
O
HN
O
 
(R)-Cl-PIQ (4) 0°, 24 h 43 92 
6bb (R)-BTM (4) 23°, 24 h 13 - 
7b 
4-4g
O
HN
O
Ph
 
(R)-BTM (4) 23°, 1.5 h 45 58 
8b 
4-4h
O
O O
HN
O
Ph
 
(R)-BTM (4) 23°, 2 h 52 95 
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9a 
4-4i
O
HN
O
Me
Me
 
(R)-Cl-PIQ (4) 23°, 16 h 0 ND 
[a]Cl-PIQ was used as the catalyst in t- amyl alcohol [b] BTM was used as the catalyst in chloroform [c] Results from our earlier 
report [d] HBTM was used as the catalyst in chloroform 
There are several notable differences between oxazolidinones and alcohols. For example, 
increasing the size of the -alkyl group on benzylic alcohol substrates (Me→ Et→i-Pr→t-Bu) 
leads to progressively higher selectivity factors. In the case of oxazolidinones, the trend is not so 
clear. Although gem-dimethyl substitution of C5 usually increases enantioselectivities when C4 
substituent is an aryl (Ph, 1-Np or 2-Np), it makes little difference when R is heteroaryl (Fu or Th). 
(Figure 4.2.2, entries 1-7) Furthermore, KR of 1-thienylethanol is much less enantioselective than 
that of 1-phenylethanol. In contrast, BTM-catalyzed KR of 2-thienyl-oxazolidinone yielded one of 
the highest selectivity factors obtained in this series, considerably outperforming that of its phenyl 
counterpart. An even more intriguing difference is found in the following example. The ring 
constrained benzylic alcohol 1-indanol has proved to be an unsuitable substrate for our catalysts. 
Its lack of reactivity can be readily explained by its inability to adopt the reactive conformation, 
which would allow the benzene ring to stack on top of the N-acylated catalyst. However, its 
oxazolidinone counterpart, the indane-fused substrate, produced fairly good enantioselectivity 
when acylated in the presence of 10 mol% of Cl-PIQ (BTM was completely ineffective in this 
case) (Table 4.2.2 entry 9). The mechanistic origin of the differences noted above is not clear. The 
only definite conclusion they point to is that the trends observed in one substrate series cannot be 
extrapolated reliably to another one. 
Table 4.2.2 KR of 4,5-substituted oxazolidinones. 
 80
HN
O
O
Ar
(i-PrCO)2O
i-Pr2NEt
CHCl3
N
O
O
Ar
O
+ HN O
O
Ar
R1
R2
R1
R2
R1
R2
ABCs 4-1b~d
 
entry (±)-substrate catalyst (mol%) 
temp (°C) time 
(h) 
%Conv s 
1aa,c 
4-4j
O
HN
O
Me
Me
 
(R)-Cl-PIQ (8) 0°, 22 h 43 55 
1bb,c (R)-BTM (8) 23°, 12 h 33 340 
2aa,c 
4-4k
O
HN
O
Me
Me
 
(R)-Cl-PIQ (4) 0°, 10 h 40 110 
2bb,c (R)-BTM (8) 23°, 7 h 45 520 
3aa,c 
4-4l
O
HN
O
Me
Me
 
(R)-Cl-PIQ (4) 0°, 10 h 49 70 
3bb,c (R)-BTM (8) 23°, 9 h 37 200 
4aa,c 
4-4m
O
HN
O
Me
Me
O
 
(R)-Cl-PIQ (4) 0°, 28 h 50 28 
4bb,c (R)-BTM (8) 23°, 7 h 43 88 
5aa,c 
4-4n
O
HN
O
Me
Me
S
 
(R)-Cl-PIQ (4) 0°, 19 h 49 18 
5bb,c (R)-BTM (8) 23°, 7 h 50 390 
6aa,c 
4-4o
OHN
O
 
(R)-Cl-PIQ (4) 0°, 24 h 43 26 
6bb,c (R)-BTM (4) 23°, 6 h 43 300 
7aa,c 
4-4p
OHN
O
 
(R)-Cl-PIQ (4) 0°, 15 h 48 19 
7bb,c (R)-BTM (4) 23°, 6 h 44 50 
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8aa,c 
4-4q
OHN
O
MeO
CO2Me
 
(R)-Cl-PIQ (4) 23° ND ND 
8bb,c (R)-BTM (4) 23°, 6 h 51 110 
9aa 
4-4r
O
H
N OH
H
 
(R)-Cl-PIQ (10) 0°, 30 h 36 36 
9ba (R)-BTM (10) 23°, 24 h 0 ND 
[a]Cl-PIQ was used as the catalyst in t-amyl alcohol [b] BTM was used as the catalyst in chloroform [c] Results from our earlier 
report 
4.3 Kinetic resolution of structurally related lactams and acyclic amides. 
Upon completion of our initial study of oxazolidinones, we decided to map out the substrate 
scope of our enantioselective N-acylation methodology. We were disappointed to find that 
pyrrolidinone and imidazolidinone, despite being close structural analogues of 
4-phenyl-oxazolidinone, are completely unreactive in the presence of 10 mol% catalyst loadings 
of either BTM or Cl-PIQ (Table 4.3.1, entries 1 and 2). On the other hand, benzyl 
(±)-pyroglutamate did react, albeit very slowly, in the presence of 10 mol% of Cl-PIQ and 
afforded excellent enantioselectivity (Table 4.3.1, entry 3).  
Comparison of the results obtained in the oxazolidinone and pyrrolidinone series (Table 4.2.1, 
entries 1 and 8; Table 4.3.1, entries 1- 3, respectively) suggested that the reactivity of lactams 
towards N-acylation might be dependent on the pKa of the N-H bond. Indeed, while substrate was 
totally unreactive, replacing the amide moiety in its structure with a carbamate, or even the 
-phenyl with the more electron-withdrawing ester group, was sufficient to permit acylation. 
Combination of the two, as expected, resulted in the higher reactivity (Table 4.2.1, entry 8).  
 82
With this in mind, we turned to another class of 5-membered lactams bearing an additional 
heteroatom in the ring, and thus predicted to have increased N-H acidity, because of the inductive 
effect. Interestingly, all three of them underwent acylation in the presence of BTM with excellent 
selectivity factors and, pleasingly, much higher reaction rates than their oxazolidinone prototype 
(Table 4.3.1 entries 4-6).  
We also examined 6-phenyl-oxazinone, the ring-expanded analogue of 4-phenyl- 
oxazolidin-2-one, as well as the acyclic secondary amide, N-(-phenethyl)formamide. 
Unfortunately, both of these failed to react under our standard conditions (Table 4.3.1 entries 7,8). 
Table 4.3.1 KR of related lactams. 
HN
X
O
Ar
(i-PrCO)2O
i-Pr2NEt
CHCl3
N
X
O
Ar
O
+ HN Y
O
Ar
ABCs 4-1b~d
 
entry (±)-substrate catalyst (mol%) 
temp (°C) time 
(h) 
%C s 
1aa HN
O
4-5a  
(R)-Cl-PIQ (10) 23°, 24 h 0 ND 
1bb (R)-BTM (10) 23°, 24 h 0 ND 
2aa 
4-5b
NBn
HN
O
 
(R)-Cl-PIQ (10) 23°, 24 h 0 ND 
2bb (R)-BTM (10) 23°, 24 h 0 ND 
3aa 
4-5c
O
BnO
HN
O
 
(R)-Cl-PIQ (10) 0°, 72 h 40 125 
3bb (R)-BTM (10) 23°, 24 h 0 ND 
4b 
4-5d
O
HN
O
 
(R)-BTM (4) 23°, 0.25 h 41 113 
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5b 
4-5e
S
HN
O
 
(R)-BTM (4) 23°, 0.66 h 47 294 
6b 
4-5f
N
HN
O
CO2Bn
 
(R)-BTM (4) 23°, 1 h 42 151 
7aa 
4-5g
OHN
O
 
(R)-Cl-PIQ (10) 23°, 24 h 0 ND 
7bb (R)-BTM (10) 23°, 24 h 0 ND 
8aa 
4-5h
Me
HHN
O
 
(R)-Cl-PIQ (10) 23°, 24 h 0 ND 
8bb (R)-BTM (10) 23°, 24 h 0 ND 
[a]Cl-PIQ was used as the catalyst t-amyl alcohol [b] BTM was used as the catalyst in chloroform 
β-Lactams are widely known both as pharmaceuticals (e.g., antibiotics and cholesterol-lowering 
drugs) and as versatile intermediates in the preparation of other classes of organic compounds. 
Compared with 5-phenylpyrrolidinone, the pKa of the amide moiety of -lactams might be 
improved to some extent, because of the ring strain. Therefore, extensive effort was spent on this 
type of substrate. The first experiment with BTM, carried out under the conditions previously 
optimized for oxazolidinones, proved to be disappointing. No conversion was observed (Table 
4.3.2, entry 1b). HBTM, which is far more reactive than BTM in O-acylation and several other 
enantioselective reactions, produced only modest conversion(Table 4.3.2, entry 1c). Fortunately, 
Cl-PIQ proved to be more successful. After some optimization of reaction conditions, we were 
able to obtain modest to good selectivity factors with a range of substrates bearing an aryl or 
heteroaryl group at C4 (Table 4.3.2, entries 1-7). Additional alkyl substituents at C3 were 
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tolerated, although the enantioselectivity was diminished in these cases (Table 4.3.2 entries 8-10). 
Indene-derived substrate produced an encouraging selectivity factor 13, which is in line with the 
result obtained in the oxazolidinone series and in contrast to the corresponding alcohol, 
1-indanol(Table 4.3.2 entries 10). β-Lactam without any directing group turned out to be not 
reactive under the similar condition(Table 4.3.2 entries 11). 
Table 4.3.2 KR of -lactams. 
(i-PrCO)2O
i-Pr2NEt
CHCl3
+
ABCs 4-1b
HN
O
Ar R2
R1
N
O
Ar R2
R1
O
HN
O
Ar R2
R1
 
entry (±)-substrate catalyst (mol%) 
temp (°C) time 
(h) 
%C s 
1aa 
HN
O
4-6a  
(S)-Cl-PIQ (10) 0°, 24 h 43 22 
1bb (S)-BTM (10) 23°, 24 h 0 ND 
1cc (S)-HBTM (10) 23°, 48 h ~10 ND 
2a 
4-6bCl
HN
O
 
(S)-Cl-PIQ (10) 0°, 30 h 54 30 
3a 
4-6c
MeO
HN
O
 
(S)-Cl-PIQ (10) 0°, 30 h 42 38 
4a 
4-6d
HN
O
Cl
 
(S)-Cl-PIQ (10) 0°, 30 h 14 3.1 
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5a 
4-6e
HN
O
 
(S)-Cl-PIQ (10) 0°, 72 h 41 19 
6a 
4-6f
HN
O
 
(S)-Cl-PIQ (10) 0°, 30 h 53 54 
7a 
4-6g
HN
O
S
 
(S)-Cl-PIQ (10) 0°, 30 h 59 17 
8a 
4-6h
HN
O
Bu-n
 
(S)-Cl-PIQ (10) 0°, 72 h 38 16 
9a 
4-6i
HN
O
Me
Me
 
(S)-Cl-PIQ (10) 0°, 72 h 26 13 
10a 
4-6j
H
N
O
H
H
 
(S)-Cl-PIQ (10) 0°, 30 h 42 14 
11a 
4-6k
H
N
O
H
H
 
(S)-Cl-PIQ (10) 23°, 24 h 0 ND 
[a]Cl-PIQ was used as the catalyst in t-amyl alcohol [b] BTM was used as the catalyst in chloroform [c] HBTM was used as the 
catalyst chloroform 
4.4 Kinetic resolution of thiolactams. 
The apparent correlation between pKa and reactivity noted above suggested that thiolactams, 
known to be more acidic than the analogous lactams, might display enhanced activity. Indeed, 
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4-phenyloxazolidine-2-thione underwent more rapid acylation than its oxygen counterpart(Table 
4.4.1, entry 1). Although the enantioselectivity was reduced relative to the latter, it was still 
sufficient for practical purposes. We were especially pleased to find that the thio-analogue of the 
completely unreactive pyrrolidinone underwent BTM-catalyzed KR smoothly and with an 
excellent selectivity factor(Table 4.4.1, entry 2). Thiazolidine-2-thione reacted a little slower and 
less selective (Table 4.4.1, entry 3). The product turned out to slowly decompose with the 
presence of BTM and methanol. Oxazin-2-thione substrate, on the other hand, reached only low 
conversions during acylation. Furthermore, the acylated product proved to decompose easily on 
silica gel(Table 4.4.1, entry 4). Similarly, N-(-phenethyl)thioformamide reacted very slowly. 
Ee’s of the products in both of these cases were low, which suggested that further efforts in this 
direction were unlikely to produce a practically useful result(Table 4.4.1, entry 5). In contrast, 
Thio--lactam reacted extremely fast, but no enantioselectivity was observed (Table 4.4.1, entry 
6). 
Table 4.4.1. KR of thiolactams. 
HN
X
S
Ar
(i-PrCO)2O
i-Pr2NEt
CHCl3
N
X
S
Ar
O
+ HN Y
S
Ar
ABCs 4-1b~d
 
entry (±)-substrate catalyst (mol%) 
temp (°C) time 
(h) 
%C s 
1b O
HN
S
4-7a  
(R)-BTM (4) 23°, 1 h 49 82 
2b 
4-7b
HN
S
 
(R)-BTM (8) 23°, 4 h 44 140 
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3 
4-7c
S
HN
S
 
(R)-BTM (8) 23°, 4 h 44 30 
4a 
4-7d
OHN
S
 
(R)-Cl-PIQ (10) 0°, 24 h 14c 1 
5a 
4-7e
Me
HHN
S
 
(R)-Cl-PIQ (10) 23°, 48 h <10c ND 
6b 
4-7fCl
HN
S
 
(R)-BTM (4) 23°, 0.25 h 75c 1 
[a]Cl-PIQ was used as the catalyst in t-amyl alcohol [b] BTM was used as the catalyst in chloroform [c] Conversion was determined 
by 1HNMR.  
4.5 Computational estimates of the acidity of (thio)lactams  
Experimental data accumulated so far appear to be consistent with the presumed correlation 
between the reactivity of differrent classes of lactams and thiolactams towards catalyzed acylation 
and our intuitive estimates of their acidity. Reliable experimental pKa values of these compounds 
are not easy to find in the literature. Fortunately, our experimental observations of their reactivity 
correlate nicely with the proton affinities of the corresponding anions relative to the 
4-phenyloxazolidinone anion calculated using the DFT method under 
M06-2X/6-311G++(d,p)//B3LYP/6-31G(d) with solvation model SMD in chloroform(Figure 
4.5.1).  
Figure 4.5.1. Calculated proton-affinity data for different types of substrates 
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Most of the experimentally observed reactivities were in good agreement with the calculated 
proton affinity. The reactivity of pyrrolidinone (4.83 kcal/mol) seems to reach the reactivity 
limitation of amidine-based catalysts. Substrates with proton affinity higher than 4.29 kcal/mol, 
failed to react under our reaction condition. Heteroatom in lactam ring and thiolactam clearly 
increases the acidity, which results in higher reactivity. The low conversion of oxazin-2-thione 
may be the result of reversibility, from the stability of the acylated product. 
4.6 Computational modeling of the transition states. 
Taking into account that the N-acylation project was initially conceived by analogy with KR of 
alcohols, it is not surprising that we interpreted all our experimental data in accord with the 
previously proposed transition-state model for the latter process (Figure 4.6.1). Indeed, all 
successfully resolved lactam substrates exhibited the same absolute sense of enantioselection as 
their alcohol counterparts. This general observation was consistent with -interactions playing a 
major role in the transition states leading to the N-acylation of 5- and 4-membered lactams. 
However, it was also clear that the geometry of such interactions must differ substantially from 
those we had examined earlier. 
Figure 4.6.1 Proposed TS model for KR of secondary alcohols by amidine-based catalysts 
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Although KR of oxazolidinones shares some common characters with the KR of alcohols, the 
mechanism for this reaction is still not clear. There are several possible pathways for the reaction 
as shown in Figure 4.6.2. Pathway A is proposed by Miller et al. in the context of kinetic 
resolution of formamides as the kinetically favored pathway. The reaction happens first with 
O-acylation followed by acyl rearrangement. Pathway B is the direct N-acylation of 
oxazolidinone. In addition, we also need to consider the possibility of the tautomerization 
followed by N-acylation, which also is kinetically favored, although it may be limited by the 
population of the existing tautomer. 
Figure 4.6.2 Three different pathways for N-acylation of oxazolidinone 
 
To verify the most likely mechanism, we studied the possible TSs for all three pathways. To 
simplify the model, we chose the achiral BTM-Ac complex as the acyl transfer reagent and used 
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acetate anion as the corresponding base to stabilize the transition state. All the possible TSs for 
different pathways were located by B3LYP/6-31g(d)-SMD(solvent=chloroform) followed by 
M062X/6-311++g(d,p) single point correction. Figure 4.6.3 illustrated the energy for different 
pathways. Although the energy difference between the two tautomers is 18.3 kcal/mol, pathway C 
is clearly favored by 14.1 kcal/mol over the pathway A and 8.1 kcal/mol over the pathway B.  
Figure 4.6.3 Comparison of the TS energy for different pathways 
 
Interestingly, in all the TSs the substrates are nearly fully deprotonated. It seems to indicate the 
special ionic character of the TS for this type of reaction, although the direct deprotonation of 
oxazolidinone is very unlikely, which was proved by analyzing the base complex of 
oxazolidinone or its tautomer.  
In order to explain the origin of the enantioselectivity and get more accurate description of the 
TS, we located the lowest energy TS for both fast and slow reacting enantiomers by using 
 91
(S)-BTM as the catalyst following the pathway C. Isobutyric anhydride was used as the acyl 
donor and acetate anion was used as the base to simplify the model. The forming N-C bond 
lengths for both enantiomers are similar(1.94A vs 1.97A). The carbonyl oxygen for both 
enantiomers prefers to stay in between the two acidic protons(C-2 of the BTM and -proton of the 
Ac) on the BTM-Ac cation, which may result in some stabilization from the H-bond interaction. 
The O-H bonds in both enantiomers are all nearly broken in the TS with the assistance of the 
BTM-Ac cation(1.56 A and 1.64 A). The acetate anion seems to prefer to interact also with the 
C-3 proton of BTM-Acyl complex, especially in the slow reacting enantiomer(2.40 A). However, 
in the fast reacting enantiomer, this interaction was affected to some extent by the phenyl group of 
the oxazolidinone(2.60A). Clear -cation interaction was observed in the fast reacting enantiomer 
and the distance between the phenyl ring and dihydroimidazolium is around 3.9A. A slight steric 
interaction may exist between the phenyl ring and isobutyryl group in the TS of slow reacting 
enantiomer. All the effects resulted in 1.3 kcal/mol free energy difference favoring the fast 
reacting enantiomer. The selectivity factor observed for this reaction is 170 at room temperature, 
which corresponds to 3.0 kcal/mol. 
Figure 4.6.4 Origin of enantioselectivity. 
 92
O
NH
O
Ph
O
O O
BTM 4 mol%,iPr2NEt O
N
O
Ph
O
+ O NH
O
Ph
Selectivity factor = 170
N
S
N
BTM
The lowest energy TS for fast reacting enantiomer The lowest energy TS for slow reacting enantiomer
G = 0 kcal/mol G = 1.3 kcal/mol  
Although the model succeeded in predicting the right direction of enantioselectivity, it 
underestimated our experimental results. The main reason may come from the loose hydrogen 
bond between the acetate anion and C-3 proton of BTM-cation, which may not actually exist 
because of the participation of solvent molecules. To prove this idea, we changed the base used in 
our model to trimethyl amine, which has only one basic site, to reinvestigate the model.  
Figure 4.6.5 Modified model to explain the origin of enantioselectivity. 
The lowest energy TS for fast reacting enantiomer The lowest energy TS for slow reacting enantiomer
G = 0 kcal/mol G = 4.3 kcal/mol  
The TS is shown in figure 4.6.5. The forming N-C bond lengths for both enantiomers are 
similar(1.84A vs 1.86A), which is shorter than the acetate model. It may result from the stronger 
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basicity of the amine base. The O-H bonds in both enantiomers are also nearly broken in the TS 
with the assistance of the BTM-Ac cation. In the fast reacting enantiomer, the distance between 
the phenyl ring and dihydroimidazolium is around 3.9A. It was favored by 4.3 kcal/mol over the 
slow reacting enantiomer. This improved result clearly indicated the importance of the secondary 
H-bond interaction in decreasing the G in our previous model. 
4.7 Conclusion 
Our studies demonstrate that several classes of 4- and 5-membered lactams and thiolactams are 
amenable to catalytic enantioselective N-acylation using amidine-based catalysts. This 
methodology provides a means for achieving their kinetic resolution under simple experimental 
conditions, using only inexpensive reagents, and often with excellent selectivity factors. The 
presence of an aryl, alkenyl, alkynyl or ester moiety adjacent to the NH group is apparently 
critical for the enantioselectivity. Computational studies indicate that cation-π interactions play a 
key role in the chiral recognition of lactam substrates. 
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Chapter V  Experimental Part 
5.1 Acyl transfer catalysis with 1,2,4-triazole anion 
5.1.1 General.  
All reagents and solvents were obtained commercially and used as received. Stock solutions 
were prepared in volumetric flasks of specified volume by dissolving reagents in a solvent and 
bringing the volume to the mark. 1H NMR and 13C NMR spectra were recorded on a Unity 300 
MHz Varian spectrometer. Flash column chromatography was performed over ICN Ecochrom 
silica gel (32-63μm). 
5.1.2 Catalytic activity screen 
 
Stock solution A: 0.20 M phenyl acetate (126 μL, 1.00 mmol) and 0.20 M isopropylamine (86 
μL, 1.00 mmol) in 5.0 mL of CDCl3. 
Stock solution B: 0.20 M DBU (60 μL, 0.40 mmol) and 0.20 M additive (0.40 mmol or none 
for the blank) in 2.0 mL of CDCl3. 
The test was carried out by mixing 0.50 mL aliquots of stock solutions A and B at room 
temperature and monitoring reaction progress by 1H NMR. The time required to reach 50% 
conversion of isopropylamine into N-isopropylacetamide was recorded as t1/2 in Table 1.2.1. In 
those cases when the conversion was lower than 50% after 3 days, t1/2 was not determined. 
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5.1.3 Influence of base 
 
Phenyl acetate (25 μL, 0.20 mmol), -phenethylamine (25 μL, 0.20 mmol) and 0.20 mmol of a 
base (30 μL of DBU, or 28 μL of NEt3, or none for the blank) were added successively to 1.0 mL 
of 0.02 M stock solution of 1,2,4-triazole in CDCl3 at room temperature. The reaction was 
progress monitored by 1H NMR. The % conversion of -phenethylamine into 
N-phenethylacetamide was recorded. 
5.1.4 Influence of solvents on the aminolysis of phenyl acetate 
 
Stock solution C: 0.20 M 1,2,4-triazole (0.40 mmol, 28 mg) and 0.20 M DBU (0. 40 mmol, 
60μL) in 2 mL of CDCl3. 
Stock solution D: 0.20 M phenyl acetate (50 μL, 0.40 mmol), 0.20 M α-phenethylamine (51 μL, 
0.40 mmol) and 0.20 M DBU (0.40 mmol, 60 μL) in 2.0 mL of a deuterated solvent(chloroform-d, 
acetonitrile-d3, benzene-d6, DMSO-d6 or THF-d8). 
The test was carried out by adding 20 μL of Stock solution C into 1.0 mL of Stock solution D 
and monitoring the conversion of -phenethylamine into N-phenethyl -acetamide by 1H NMR at 
10 min, 30 min, 1 h, 2 h, 6 h, and 24 h. The data were plotted. 
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5.1.5 Influence of solvents on the aminolysis of isopropenyl acetate 
 
Stock solution E: 0.40 M 1,2,4-triazole (0.80 mmol, 55 mg) and 0.40 M DBU (0. 80 mmol, 120 
μL) in 2 mL of CDCl3. 
Stock solution F: 0.20 M isopropenyl acetate (44 μL, 0.40 mmol) and 0.20 M 
α-phenethylamine(51 μL, 0.40 mmol) in 2.0 mL of a deuterated solvent (chloroform-d, 
acetonitrile-d3, benzene-d6, DMSO-d6 or THF-d8). 
The test was carried out by adding 50 μL of Stock solution E into 1.0 mL of Stock solution F 
and monitoring the conversion of -phenethylamine into N-phenethyl- acetamide by 1H NMR at 
10 min, 30 min, 1 h, 2 h, 6 h, and 24 h. The data were plotted. 
5.1.6 Catalytic activity of tetrabutylammonium triazolide. 
 
Catalyst reparation: A mixture of powdered solid NaOH (0.40 g, 10 mmol) and triazole (0.69 g, 
10 mmol) in 5 mL of methanol was stirred for 30 min at room temperature. Solid Bu4NBr (3.22 g, 
10 mmol) was added and the stirring continued for 2 h. After addition of 100 mL of anhydrous 
Et2O, NaBr precipitated and was filtered off. The filtrate was concentrated to dryness and held 
under high vacuum overnight. 
Catalytic activity test: A 50 μL aliquot of 0.40 M solution of tetrabutylammonium triazolide in 
CDCl3 was added to 1.0 mL of stock solution F (in CDCl3) and the reaction progress was 
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monitored by 1H NMR until 50% conversion (4.0 h). A control experiment with DBU triazolide 
reached 50% conversion in 5.5 h. 
5.1.7 Catalytic activity of sodium triazolide. 
 
Catalyst reparation: A mixture of NaOH (10 mmol, 0.40 g) and 1,2,4-triazole (10 mmol, 0.69 g) 
in 5 mL of MeOH was stirred overnight and then evaporated to dryness. The evaporation residue 
was dried azeotropically with toluene and then kept overnight under high vacuum. 
Catalytic activity test: A 50 μL aliquot of 0.20 M solution of sodium triazolide in DMSO-d6 
was added to 1.0 mL of stock solution F (in DMSO-d6) and the reaction progress was monitored 
by 1H NMR. until 50% conversion (12 min). A control experiment with DBU triazolide reached 
50% conversion in 45 min. 
5.1.8 Preparative scale acetylation of substrates with isopropenyl acetate 
 
General procedure: 2.0 mL of freshly prepared stock solution of 1,2,4-triazole (0.025 M) and 
DBU (0.025 M) in acetonitrile was added to 1.0 mmol of a substrate, followed by isopropenyl 
acetate (1.1 mmol, 121 μL). After 10 h at room temperature, the solvent was removed under 
reduced pressure and the residue was diluted with Et2O and passed through a plug of silica gel to 
give pure product upon concentration. Purification of acetanilide required the use of 2:1 
Et2O:hexane mixture as eluent. The results are summarized in Figure 1.4.2. 
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Enantiomeric purity of amides obtained from (R)-phenylglycine methyl ester and 
(S)-phenylalanine methyl ester was determined by chiral stationary phase HPLC using 
CHIRALCEL OD-H and CHIRALPAK AD-H analytical columns, respectively, (4.6x150 mm, 
Chiral Technologies, Inc.) with isopropanol/hexane eluent at 1 mL/min flow rate. 
5.1.9 Aminolysis of unactivated acyclic esters 
 
General procedure: A reaction mixture consisting of an ester (1.2 mmol), an amine (1.0 mmol), 
1,2,4-triazole (14 mg, 0.20 mmol) and DBU (30 μL, 0.20 mmol) was stirred at a specified 
temperature for 24 h and then applied directly to a silica gel chromatographic column and eluted 
with Et2O. 
5.1.10 Aminolysis of γ-butyrolactone 
A solution of γ-butyrolactone (1.2 mmol), benzylamine (1.0 mmol), 1,2,4-triazole (14 mg, 
0.20mmol) and DBU (30 μL, 0.20 mmol) in 1.0 mL of CDCl3 was stirred at room temperature for 
24h, concentrated and chromatographed with EtOAc-Et2O 1:3 to give 125 mg (84% yield) of 
N-benzyl-γ-hydroxybutyramide. 
5.1.11. Cyclocondensation of (L)-Phenylalanine methyl ester. 
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Commercially available (L)-phenylalanine methyl ester hydrochloride was converted into the 
free base by treating it with aqueous K2CO3 and extracting the mixture with CH2Cl2. A mixture of 
this material (180 mg, 1.0 mmol), 1,2,4-triazole (14 mg, 0.20 mmol) and DBU (30 μL, 0.20 mmol) 
was heated without stirring in a vial placed in an 90 °C oil bath. After 3 h, the initially liquid 
mixture solidified completely. After 24 h, 1H NMR analysis of the crude reaction mixture (in 
CF3CO2D) indicated essentially complete conversion to the expected product as a 95:5 mixture of 
cis- and trans-diastereomers. The solid mixture was broken up and suspended in 25 mL of hot 
ethanol. After cooling to rt, the suspension was filtered and the white powdery precipitate was 
rinsed with ethanol to give 116 mg (79% yield) of the product (97:3 cis-trans ratio). 
5.2 The application of amidine-based catalysts in the kinetic resolution of carboxylic acids 
5.2.1 General 
All reagents were obtained commercially and used as received unless otherwise specified. 
Catalysts were prepared as previously described. (±)-α-(Aryloxy)alkanoic acids were prepared by 
reacting the corresponding phenols with α-bromoalkanoic acids in the presence of base.1 
(±)-2-fluoro-3-phenylpropionic acid was prepared by benzylation of ethyl fluoroacetate followed 
by hydrolysis.2 (±)-α-Azidoalkanoic acids were obtained from racemic amino acids by treatment 
with triflyl azide.3 (±)-α-(phthalimido)alkanoic acids were obtained by treating racemic amino 
acids with phthalic anhydride.4 (±)-α-(Aryl/alkylthio)alkanoic acids were prepared by reacting 
thiols with α-bromoalkanoic acids in the presence of base.1 Enantioenriched (R)-α- 
(phenylthio)propionic acid was obtained analogously from commercial (S)-α- bromopropionic 
acid (Aldrich). Di-(1-naphthyl)methanol was prepared as previously described.5  
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Solvents used for chromatography were ACS or HPLC grade, as appropriate. Reactions were 
monitored by thin layer chromatography (TLC) and by 1H NMR. EM Science 60F silica gel plates 
were used for TLC analyses. Flash column chromatography was performed over ICN Ecochrom 
silica gel (32-63 mm). HPLC analyses were performed on a Shimadzu LC system using Chiralcel 
OD-H, Chiralpak AD and Chiralpak AD-H analytical chiral stationary phase columns (4.6x250 
mm, Chiral Technologies, Inc.). 1H and 13C NMR spectra were recorded on a Mercury 300 MHz 
Varian spectrometer. The chemical shifts are reported as δ values (ppm) relative to TMS using 
residual CHCl3 peak (7.26 ppm) as the reference. High-Resolution mass spectral analyses were 
performed at Washington University MS Center on a Kratos MS-50TA spectrometer using 
Electrospray Ionization (ESI) method. Melting points were measured on a Mel-Temp II capillary 
melting point apparatus. Infrared spectra were recorded on a Perkin-Elmer Spectrum Bx FTIR 
spectrophotometer using potassium bromide plates. 
5.2.2 Kinetic resolution experiments. 
(a) Preliminary experiment. A solution of (±)-α-phenylpropionic acid (30 mg, 0.20 mmol), 
iPr2NEt (70 L, 0.40 mmol), di-(1-naphthyl)methanol (28 mg, 0.10 mmol) and benzoic anhydride 
(54 mg, 2.4 mmol)in 1mL of toluene stirred at room temperature was treated with HBTM (2.6 mg, 
0.01 mmol, 5 mol %). After 10 h, the reaction was quenched by adding aqueous NaHCO3. The 
aqueous layer was extracted with CH2Cl2 (2×2 mL). The organic layer was combined with the 
extract and dried over Na2SO4. Column chromatography (5% EtOAc in hexanes) afforded ester in 
86.0 % ee.  
The aqueous layer was acidified with 2 M aqueous HCl and extracted with CH2Cl2 (2×2 mL). 
The extract was treated with freshly prepared ethereal solution of diazomethane until persistent 
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yellow coloration. The resulting mixture of methyl esters of -phenylpropionic and benzoic acids 
was separated by preparative thin layer chromatography. The former was found to have 73.2% ee. 
Calculations using Kagan’s equations gave: conversion C = eeSM/(eeSM+eePR)100% = 46.0% 
and selectivity factor S = ln[(1-C)(1-eeSM)]/ ln[(1-C)(1+eeSM)]) = 29.0.  
(b) Typical procedure. N,N'-dicyclohexylcarbodiimide (22 mg, 0.106 mmol) was added to a 
stirring solution of (±)-α-phenylpropionic acid (30 mg, 0.20 mmol) in 1mL of toluene at room 
temperature. After 15 min, iPr2NEt (35 L, 0.2 mmol), di-(1-naphthyl)methanol (28 mg, 0.10 
mmol) and HBTM (50 L of 0.20 M stock solution in toluene) were added and the mixture was 
stirred for 24 h at room temperature, whereupon it was quenched by adding 1 mL of saturated 
aqueous NH4Cl. The aqueous layer was extracted with CH2Cl2 (3×2 mL). The organic layer was 
extracted with 1 M NaHCO3, dried with Na2SO4, concentrated and then subjected to flash column 
chromatography (hexanes/EtOAc 20:1) to give the pure ester product. Acidification of the 
aqueous NH4Cl layer and/or the NaHCO3 extract to pH 2 gave the unreacted acid substrate. Both 
the ester and the acid were analyzed directly by chiral stationary phase HPLC, unless specified 
otherwise. Each experiment was performed in duplicate. The results compiled in Tables 
5.2.2.1-5.2.2.7 below were obtained using variations of this basic protocol, as indicated. Absolute 
configuration of the fast-reacting enantiomer of the substrate is shown. 
(c) Scaled-up resolution of representative substrates. KR of racemic acids was performed on 
0.800 mmol scale under otherwise identical conditions to those described above. Isolated yields of 
the products and recovered starting materials are given in Table 2.7.2.1. 
Table 5.2.2.1. Optimization: Survey of catalysts and alcohols 
Entrya catalyst alcohol #
eePR 
% 
eeSM 
% 
CHPLC 
% s 
CAVG 
% sAVG 
1 Cl-PIQ iPrOH 1 27.7 5.9 17.6 1.9 20 1.9 
2 28.9 8.5 22.7 1.9 
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2 BTM iPrOH 1 24.3 0.94 3.7 1.7 5 1.7 
2 23.7 1.6 6.3 1.7 
3 HBTM iPrOH 1 61.0 52.5 46.3 6.9 48 6.9 
2 59.6 58.0 49.3 7.0 
4 HBTM PhCH2OH 1 50.8 51.7 50.4 5.0 50 5.2 
2 52.7 53.6 50.5 5.4 
5 HBTM Ph2CHOH 1 61.3 76.4 55.0 9.3 53 9.3 
2 64.0 68.8 51.8 9.2 
6 HBTM 1-Np2CHOH 1 86.6 72.1 45.4 29.9 46 33 
2 88.2 76.1 46.3 36.5 
7 Cl-PIQ 1-Np2CHOH 1 33.7 30.4 47.4 2.7 49 2.6 
2 30.7 32.3 51.2 2.5 
8 BTM 1-Np2CHOH 1 90.5 20.0 18.1 24.5 17 24 
2 90.7 17.8 16.4 24.3 
[a] All reactions were conducted for 10 h at rt. 
Table 5.2.2.2 Optimization: Survey of solvents and temperatures 
Entry Solvent temp, oC time #
eePR 
% 
eeSM 
% 
CHPLC 
% s 
CAVG 
% sAVG
1 PhMe 23 10h 1 86.6 72.1 45.4 29.9 46 33 
2 88.2 76.1 46.3 36.5 
2 CHCl3 23 10h 1 86.0 59.1 40.7 24.2 39 24 
2 86.9 52.1 37.5 23.9 
3 CH2Cl2 23 10h 1 82.6 62.2 43.0 19.8 42 21 
2 84.5 58.4 40.9 21.4 
4 THF 23 10h 1 86.1 31.1 26.5 18.1 28 20 
2 87.3 38.1 30.4 21.3 
5 MeCN 23 10h 1 79.2 30.5 27.8 11.5 26 11 
2 77.6 24.5 24.0 10.0 
6 PhMe 0 24h 1 89.3 71.2 44.4 37.8 45 36 
2 87.6 73.7 45.7 33.4 
7 PhMe -20 24h 1 89.0 71.0 44.4 36.5 43 36 
2 89.4 64.9 42.0 35.1 
8 PhMe -40 24h 1 89.0 56.7 38.9 30.2 39 29 
2 88.1 56.2 39.0 27.7 
Table 5.2.2.3 Substrate scope: -Arylalkanoic acids 
Entry (±)-Substrate # 
eePR 
% 
eeSM 
% 
CHPLC 
% s 
eePR/eeSM 
AVG % 
CAVG 
% sAVG 
1 CO2H
Me
 
1 86.5 72.
0 
45.4 29.9 87/74 46 33 
2 88.2 76.
0 
46.3 36.5 
2a CO2H 1 89.3 71. 44.4 37.8 88/72 45 36 
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2 
2 87.6 73.
7 
45.7 33.4 
3a 
Me
CO2H
Me
Me
 
1 90.0 65.
6 
42.1 37.5 90/67 43 37 
2 89.6 68.
3 
43.3 37.1 
4a 
Me
CO2H
OMe  
1 91.1 76.
1 
45.5 49.1 91/76 46 48 
2 90.8 75.
7 
45.5 47.2 
5a 
Me
CO2H
Ph
F
 
1 86.9 76.
8 
47.0 33.2 86/80 48 33 
2 85.2 83.
1 
49.4 32.4 
6 
Me
CO2H
 
1 73.2 56.
8 
43.7 11.4 73/56 44 11 
2 73.3 56.
0 
43.3 11.3 
7a 
Me
CO2H
 
1 69.3 55.
3 
44.4 9.5 71/54 43 10 
2 72.7 52.
2 
41.8 10.6 
8 CO2H
 
1 71.6 34.
9 
32.7 8.5 72/32 31 8.2 
2 71.6 29.
6 
29.3 8.0 
9 
O
Me
CO2H
 
1 73.8 68.
5 
48.1 13.4 74/68 48 13 
2 74.4 67.
0 
47.4 13.4 
10a 
O
Me
CO2H
 
1 78.6 74.
4 
48.6 18.4 79/75 49 19 
2 78.6 75.
8 
49.1 18.8 
[a] The reaction was conducted for 24 h at 0 °C 
Table 5.2.2.4 Substrate scope: -(Aryl/alkyloxy)alkanoic acids 
Entry (±)-Substrate # 
eePR 
% 
eeSM 
% 
CHPLC 
% s 
eePR/eeSM 
AVG % 
CAVG 
% sAVG 
1 
Me O
HO2C
 
1 89.2 87.1 49.4 49.6 89/87 50 47 
2 88.0 87.0 49.7 44.4 
2a 
Me O
HO2C
 
1 63.0 61.8 49.5 8.1 63/62 49 8.3 
2 63.9 61.9 49.2 8.4 
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3b 
Me O
HO2C
 
1 89.1 76.5 46.2 40.2 90/76 46 42 
2 90.1 74.6 45.3 43.2 
4 
O
HO2C
Me
 
1 82.8 80.1 49.2 26.0 83/79 49 26 
2 83.5 77.7 48.2 26.0 
5 
O
HO2C
Me
Me  
1 80.8 67.0 45.3 18.8 80/68 46 19 
2 79.8 69.2 46.5 18.3 
6b 
Me O
HO2C
Cl
Cl  
1 95.4 58.6 38.1 76.7 95/61 39 74 
2 94.7 63.6 40.2 70.5 
7 
Me O
Me
HO2C
 
1 95.1 67.2 41.4 82.9 96/69 43 96 
2 96.1 71.4 42.6 109.0 
8 
O
CO2H
 
1 78.5 80.5 50.6 20.3 78/80 50 20 
2 77.9 78.7 50.2 19.1 
[a] (S)-BTM was used instead of (S)-HBTM. The absolute configuration is inverted. 
[b] The reaction was conducted for 24 h at 0 °C 
 
Table 5.2.2.5. Substrate scope: -haloalkanoic acids 
Entry (±)-Substrate # 
eePR 
% 
eeSM 
% 
CHPLC 
% s 
eePR/eeSM 
AVG % 
CAVG 
% sAVG 
1 
Me Cl
CO2H 1 83.9 62.7 42.8 21.7 84/62 43 21 
2 83.4 62.2 42.7 20.8
2a 
Me Cl
CO2H 1 85.5 57.6 40.2 22.8 86/57 40 23 
2 85.6 56.6 39.8 22.8
3 
Cl
CO2H
Me
1 73.8 60.6 45.1 12.2 74/56 43 12 
2 75.1 51.4 40.1 11.6
4 
F
CO2H
21
1 69.7 73.2 51.2 12.1 72/70 49 13 
2 73.8 67.1 47.7 13.2
5 
Br
CO2H
22Me
Me  
1 68.3 54.0 44.2 9.0 69/54 44 9 
2 69.8 53.1 43.2 9.5
[a] (S)-BTM was used intead of (S)-HBTM. The absolute configuration is inverted. 
Table 5.2.2.6. Substrate scope: N- protected -amino acids 
Entry (±)-Substrate # eePR 
%
eeSM 
%
CHPLC 
%
s eePR/eeSM 
AVG % 
CAVG 
% 
sAVG 
1 
Me N3
CO2H
 
1 82.1 66.8 44.9 20.3 82/68 45 21 
2 82.4 69.0 45.6 21.3 
2a 
Me N3
CO2H
 
1 51.8 52.0 49.0 5.1 55/53 49 5.7 
2 57.5 54.6 48.7 6.3 
3 
Et N3
CO2H
 
1 68.0 39.9 37.5 7.4 70/38 35 8.0 
2 71.7 35.4 33.0 8.5 
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4 
i-Pr N3
CO2H
 
1 61.3 14.9 19.2 4.8 61/16 21 4.9 
2 61.5 17.8 22.5 5.0 
5 
Me NHCO2CH2Ph
CO2H
 
1 10.6 10.7 50.2 1.4 12/10 47 1.4 
2 12.4 9.7 43.9 1.4 
6b 
Me NHCO2CH2Ph
CO2H
 
1 15.5 8.0 34.0 1.5 16/9 37 1.5 
2 15.5 10.1 39.3 1.5 
7 
N
CO2H
CO2CH2Ph
 
1 43.1 23.0 34.8 3.1 42/25 38 3.1 
2 40.4 27.6 40.6 3.1 
1 
Me NPht
CO2H
 
1 89.9 60.0 40.0 34.5 90/61 41 35 
2 90.0 62.5 41.0 36.0 
2c 
Me NPht
CO2H
 
1 74.8 53.4 41.7 11.7 75/54 42 12 
2 75.6 54.3 41.9 12.1 
3d 
Me NPht
CO2H
 
1 73.1 48.9 40.1 10.4 74/49 40 11 
2 74.6 48.5 39.4 11.0 
4e 
Me NPht
CO2H
 
1 49.6 37.0 42.8 4.2 48/38 44 4.0 
2 46.8 38.5 45.1 4.0 
5f 
Me NPht
CO2H
 
1 17.8 19.6 52.5 1.7 19/20 52 1.7 
2 19.4 20.0 50.7 1.8 
6a 
Me NPht
CO2H
 
1 37.6 2.44 6.1 2.3 38/2.3 5.7 2.3 
2 37.9 2.12 5.3 2.3 
7 
NPht
CO2H
 
1 87.0 67.5 43.7 29.2 87/67 43 30 
2 87.8 65.7 42.8 30.4 
8 
NPht
CO2H
Me
Me
 
1 84.2 63.8 43.1 22.3 84/64 43 22 
2 83.6 64.2 43.6 21.6 
9 
NPht
CO2H
MeS  
1 83.6 47.0 36.0 17.8 84/46 35 18 
2 84.3 44.8 34.7 18.1 
10 
i-Pr NPht
CO2H
 
1 95.0 23.7 20.1 47.4 95/24 20 48 
2 94.9 23.5 19.9 48.1 
11g 
i-Pr NPht
CO2H
 
1 94.3 51.2 35.2 57.2 94/51 35 58 
2 94.6 50.5 34.9 58.1 
[a] (S)-BTM was used intead of (S)-HBTM. The absolute configuration is inverted. 
[b] (S)-BTM was used intead of (S)-HBTM. The absolute configuration is the same. 
[c] Diphenymethanol was used instead of di(1-naphthyl)methanol. 
[d] Isopropanol was used instead of di(1-naphthyl)methanol. 
[e] 1-naphthylmethanol was used instead of di(1-naphthyl)methanol. 
[f] 2-naphthylmethanol was used instead of di(1-naphthyl)methanol. 
[g] 10 mol% HBTM was used; reaction time 48 h. 
Table 5.2.2.7 Scaled-up KR of representative substrates 
Entry (±)-Substrate 
Ester Product Recovered acid 
% 
convn 
s % Isolated 
yield 
% ee 
% Isolated 
yield 
% ee 
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1[a] CO2H
Me
 
46% 87.6 52% 76.1 46.5 34.5 
2 
Me O
HO2C
 
45% 89.0 43% 87.0 49.4 48.7 
3 
F
CO2H
 
47% 74.7 40% 66.4 47.1 13.6 
4 
NPht
CO2H
Me
Me
 
48% 82.1 42% 67.9 45.3 20.6 
[a] The reaction was conducted at 0 °C. 
5.2.3 Dynamic kinetic resolution experiments. 
(a) Preliminary experiment: The standard KR protocol described above was followed using 
α-(phenylthio)propionic acid as the substrate. The results are summarized in Table 5.2.3.1 
Table 5.2.3.1. 
entry temp, 
°C 
# eePR 
%
eeSM 
%
CHPLC 
%
s CNMR 
%
CAVG (HPLC)[a] 
% 
sAVG[a] 
1 0 
1 92.4 42.2 31.4 38.2 
50(±5) 31 39 
2 92.8 39.9 30.1 39.4 
2 23 
1 91.3 12.6 12.1 24.9 
50(±5) 13 25 
2 91.5 13.5 12.9 25.6 
(b) General procedure: α-(Phenylthio)propionic acid(18.2 mg, 0.100 mmol), iPr2NEt (70 μL, 
0.40 mmol) and benzoic anhydride (28 mg, 0.12 mmol) were dissolved in 1 mL of toluene-d8.The 
resulting mixture was stirred at room temperature for 5 min and then treated sequentially with (2.6 
mg (S)-HBTM, 0.010 mmol) and di-(1-naphthyl)methanol (34 mg, 0.12 mmol). After 24 h, 
2,6-dimethoxytoluene (15.2 mg, 0.100 mmol) was added as an internal label. NMR yields of the 
desired product and the benzoate ester byproduct were determined by comparing their 1H-NMR 
signals (typically, CO2-CH) with that of the internal label (doublet at  6.5, 2H). The reaction 
mixture was quenched by addition of benzylamine (15 μL, 0.14 mmol) and applied directly to a 
silica gel column. Elution with hexanes/EtOAc 20:1 gave the desired ester contaminated with 
small amounts of the benzoate ester. Enantiomeric purity of the product was analyzed directly by 
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chiral stationary phase HPLC. The results compiled in Tables 2.6.2 in the Article and Table 
5.2.3.9 below were obtained using variations of this basic protocol, as indicated. 
Table 5.2.3.2. Survey of solvents and alcohols. 
entry solvent ROH % yield % ee 
1 CD2Cl2 1-Np2CHOH 67 79 
2 CDCl3 1-Np2CHOH 61 84 
3 C6D6 1-Np2CHOH 88 87 
4 THF-d8 1-Np2CHOH 66 88 
5 CD3CN 1-Np2CHOH 60 46 
6 PhMe-d8 Ph2CHOH 97 83 
7 PhMe-d8 iPrOH 89 49 
8 PhMe-d8 PhCH2OH 93 26 
9 PhMe-d8 1-NpCH2OH 99 15 
10 PhMe-d8 2-NpCH2OH 94 20 
(c) Large-scale experiment. Racemic α-(p-methoxyphenylthio)propanoic acid (212 mg, 1.00 
mmol), iPr2NEt (0.70 mL, 4.0 mmol) and benzoic anhydride (280 mg, 1.20 mmol) were dissolved 
in 10 mL of toluene. The resulting mixture was stirred at room temperature for 5 min and then 
treated sequentially with (S)-HBTM, (27 mg, 0.10 mmol) and di-(1-naphthyl)methanol (340 mg, 
1.20 mmol). After 24 h, the reaction mixture was quenched by addition of benzylamine (0.15 mL, 
1.4 mmol) and applied directly to a silica gel column. Elution with hexanes/ethyl acetate (9:1) 
gave 440 mg (92% yield) of the desired (S)-ester in 89.6% ee (99% pure by 1H NMR). 
(d): Study of in situ racemization. For the summary of results, see Scheme 6 of the Article.  
d1. Basic procedure. (R)-2-(phenylthio)propionic acid (96% ee, 18.2 mg, 0.100 mmol)), and 
iPr2NEt (70 μL, 0.4 mmol) were dissolved in 1 mL of toluene. After 24 hours, 3 mL of 2M HCl 
was added to the mixture to quench the reaction. The organic layer was separated, diluted with 20 
mL of hexane and dried with Na2SO4. The mixture was analyzed by HPLC directly. 
(CHIRALCEL AD-H, IPA/hexane/TFA 2/200/0.1; 0.6 mL/min: Benzoic acid: 39.5 min; (S)- 
enantiomer: 59.1 min; (R)-enantiomer: 64.8 min.) 
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d2. The test was conducted as described in the basic procedure, except that benzoic anhydride 
(23mg, 0.10 mmol) was added. The ee of the starting material was determined after 30 min and 
after 24 h by quenching part of the mixture with 2M HCl and analyzing it by HPLC.  
d3. The test was conducted as described in the basic procedure, except that benzoic anhydride 
(23mg, 0.10 mmol) and DHPB(1.9 mg, 0.010 mmol) were added. The ee of the starting material 
was determined after 30 min by quenching the mixture with 2M HCl and analyzing it by HPLC. 
(e) LiAlH4 reduction of (S)-di-(1-naphthyl)methyl α-(phenylthio)propanoate. 
S
Me
O
O 1-Np
90% ee
S
Me HO 1-Np
1-Np
95% yield, 90% ee
+
90% yield
1-Np OH
LiAlH4
THF
 
The title ester (44 mg, 0.098 mmol, 90% ee) was dissolved in 2 mL of dry THF and treated 
with 0.3 mL of a 1M THF solution of LiAlH4. After 1 hour, completion of the reaction was 
verified by TLC. The mixture was quenched by dropwise addition of 0.1 mL of water, diluted 
with 10 mL of CH2Cl2 and dried over Na2SO4. Column chromatography (hexanes/EtOAc 5:1) 
afforded 16 mg of 2-(phenylthio)propan-1-ol (95% yield) and 25mg of di-(1-naphthyl)methanol 
(90% yield). The enantiomeric purity of the chiral alcohol was determined by chiral stationary 
phase HPLC. 
(f) Deprotection of (R)-di-(1-naphthyl)methyl -(phenylthio)propanoate with TFA 
S
Me
O
O
1-Np
1-Np
86% ee
S
Me
O
85% yield, 86% ee
OH
CF3CO2H
CH2Cl2
 
The title ester (45 mg, 0.10 mmol, 86% ee) was dissolved in 2 mL of CH2Cl2 and treated with 1 
mL of trifluoroacetic acid. The solution intermediately turned green. After 3 h at rt, the color of 
the solution changed to deep-brown. After solvent removal under vacuum, 1HNMR indicated 
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complete conversion. The evaporation residue was diluted with aqueous NaHCO3. The aqueous 
solution was extracted with and CH2Cl2 (2×1 mL)and then acidified with 1M HCl to adjust the pH 
to 1-2. The mixture was extracted CH2Cl2 (3×2 mL). The extract was dried over Na2SO4 and 
evaporated to afford 15.5 mg of the pure product (85% yield). Its enantiomeric purity was 
determined by chiral stationary phase HPLC. 
5.2.4. Characterization data and HPLC properties. 
Me
OH
O  
HPLC (CHIRALCEL AD-H, IPA/hexane/TFA 
1/50/0.05, 0.4 mL/min): (R)-enantiomer: 38.7 min; 
(S)-enantiomer: 43.7 min. Absolute 
stereochemistry of this and other arylpropionic 
acids was determined by comparison of the HPLC 
data with a previous report.[17,20] 
Me
O
O
1-Np
1-Np  
HPLC (CHIRALCEL AD-H, IPA/hexane 1/50, 1 
mL/min): (S)-enantiomer: 11.1 min; 
(R)-enantiomer: 13.7 min. Absolute 
stereochemistry was determined by comparison of 
the HPLC data with a previous report. [17,20] 
Me
O
O
Ph
Ph  
Known compound. 
HPLC (CHIRALCEL OD-H, IPA/hexane 0.1/100, 
1 mL/min): (R)-enantiomer: 21.2 min; 
(S)-enantiomer: 25.5 min 
Me
O
O
Me
Me  
HPLC (CHIRALCEL OD-H, hexane, 1.2 
mL/min): (R)-enantiomer: 10.0 min; 
(S)-enantiomer: 13.7 min. 
Me
O
O
Me
 
Known compound.  
HPLC (CHIRALCEL AS-H, IPA/hexane 1/100, 
0.5 mL/min): (R)-enantiomer: 10.7 min; 
(S)-enantiomer: 9.6 min. 
Me
O
O
Ph
 
Known compound.[17,20]  
HPLC (CHIRALCEL OD-H, IPA/hexane 0.2/100, 
1 mL/min): (R)-enantiomer: 18.6 min; 
(S)-enantiomer: 23.0 min. 
Me
Me
Me
OH
O
 
HPLC (CHIRALCEL AD-H, IPA/hexane/TFA 
0.8/100/0.1, 1 mL/min): (S)-enantiomer: 38.0 min; 
(R)-enantiomer: 42.1 min. 
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Me
Me
Me
O
O
1-Np
1-Np
 
HPLC (CHIRALCEL AD-H, IPA/hexane 1/10, 0.8 
mL/min): (S)-enantiomer: 7.0 min; (R)-enantiomer: 
11.6 min. Absolute stereochemistry was 
determined by comparison of the HPLC data with a 
previous report.[17,20] 
Me
MeO
OH
O
 
HPLC (CHIRALCEL AD-H, IPA/hexane/TFA 
1/10/0.01, 0.8 mL/min): (R)-enantiomer: 14.2 min; 
(S)-enantiomer: 16.0 min. 
Me
MeO
O
O
1-Np
1-Np
HPLC (CHIRALCEL AD-H, IPA/hexane 1/10, 1 
mL/min): (S)-enantiomer: 10.5 min; 
(R)-enantiomer: 12.5 min. Absolute 
stereochemistry was determined by comparison of 
the HPLC data with a previous report.[17,20] 
Me
Ph
F OH
O
 
HPLC (CHIRALCEL AD-H, IPA/hexane/TFA 
1/50/0.05, 1 mL/min): (R)-enantiomer: 18.9 min; 
(S)-enantiomer: 26.9 min. 
Me
Ph
F O
O
1-Np
1-Np
 
HPLC (CHIRALCEL AD-H, IPA/hexane 1/10, 0.8 
mL/min): (S)-enantiomer: 8.6 min; (R)-enantiomer: 
12.3 min. Absolute stereochemistry was 
determined by comparison of the HPLC data with a 
previous report.[17,20] 
Et
OH
O  
HPLC (CHIRALCEL AD-H, IPA/hexane/TFA 
1/50/0.05, 0.8 mL/min): (R)-enantiomer: 19.2 min; 
(S)-enantiomer: 23.6 min. Absolute 
stereochemistry was determined by comparison of 
the sign of optical rotation (+) with literature data.6 
Et
O
O
1-Np
1-Np  
1H NMR (300 MHz, CDCl3):  8.28 (s,1H), 7.95 
(m, 1H), 7.83 (m, 1H), 7.75 (d, J = 8.4 Hz, 2H), 
7.68 (d, J = 8.1 Hz, 1H), 7.60 (d, J = 8.1 Hz 1H), 
7.47-7.39 (m, 2H), 7.34 (dt, J1 = 6.9 Hz, J2 = 0.9 
Hz, 1H), 7.22-7.14 (m, 7H), 7.11 (d, J = 7.2 Hz, 
1H), 7.06 (d, J = 8.1 Hz, 1H), 6.88 (d, J = 7.2 Hz, 
1H), 3.52 (t, J = 7.2 Hz, 1H), 2.10 (m, 1H), 1.75 
(m, 1H), 0.82 (t, 3H) 13C NMR (75 MHz, CDCl3): 
173.3, 138.8, 135.1, 134.8, 134.1, 133.9, 131.5, 
131.1, 129.3, 129.1, 128.9, 128.9, 128.5, 127.5, 
126.9, 126.6, 126.5, 126.1, 125.9, 125.5, 125.4, 
125.3, 123.8, 123.6, 71.3, 53.8, 26.4, 12.4; IR 
(KBr, cm-1) 3059, 2963, 1731, 1598, 1151; MS: 
HR-ESI calculated for C31H26O2Na+: 453.1825, 
found: 453.1828. HPLC (CHIRALCEL OD-H, 
IPA/hexane 1/100, 0.8 mL/min): (R)-enantiomer: 
9.6 min; (S)-enantiomer: 10.8 min. 
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C5H11
OH
O  
HPLC (CHIRALCEL AD-H, IPA/hexane/TFA 
1/50/0.05, 0.6 mL/min): (S)-enantiomer: 28.3 min; 
(R)-enantiomer: 31.5min. Absolute stereochemistry 
was confirmed by LiAlH4 reduction to the 
corresponding alcohol and HPLC comparison of 
the latter with literature data.7 
C5H11
O
O
1-Np
1-Np  
1H NMR (300 MHz, CDCl3): 8.30(s, 1H), 8.99 
(d, J = 8.4 Hz, 1H), 7.88(d, J = 7.5 Hz, 1H), 
7.82-7.71(m, 2H), 7.72(d, J = 8.4 Hz, 1H), 7.60(d, 
J = 8.4 Hz, 1H), 7.52-7.35(m, 3H), 7.32-7.10(m, 
9H), 6.93(d, J = 7.2 Hz, 2H), 3.39(d, J = 10.8 Hz, 
1H), 2.08(m, 1H), 1.98(m, 1H), 1.69-1.51(m, 3H), 
1.35-0.99(m, 5H), 0.72(m, 1H); 13C NMR (75 
MHz, CDCl3): 173.20, 137.57, 135.11, 134.72, 
134.08, 133.94, 131.44, 131.19, 129.32, 129.07, 
128.95, 128.84, 128.71, 127.47, 126.82, 126.52, 
126.45, 126.10, 125.87, 125.55, 125.42, 125.26, 
123.79, 123.71, 71.41, 59.14, 40.54, 32.38, 30.52, 
26.55, 26.18, 26.15; IR (KBr, cm-1): 3059, 2927, 
2851, 1932, 1148, 1122, 794, 776, 699; MS: 
HR-ESI calculated for C35H32NaO2+: 507.2300; 
found: 507.2299. HPLC (CHIRALCEL AD-H, 
IPA/hexane 1/200, 1.2 mL/min): (R)-enantiomer: 
22.7 min; (S)-enantiomer: 30.9min. 
OMe
OH
O  
HPLC (CHIRALCEL AD-H, IPA/hexane/TFA 
1.5/100/0.1, 0.8 mL/min): (R)-enantiomer: 38.6 
min; (S)-enantiomer: 43.3 min. Absolute 
stereochemistry was determined by comparison of 
the sign of optical rotation (−) with literature data8 
and also HPLC comparison with a commercial 
authentic sample of the (R)-(−)-enantiomer. 
 
OMe
O
O
1-Np
1-Np  
1H NMR (300 MHz, CDCl3): 8.41 (s,1H), 8.07 
(d, J = 7.8 Hz, 1H), 7.91 (d, J = 7.5 Hz, 1H), 7.82 
(d, J = 7.8 Hz, 2H), 7.75 (d, J = 8.1 Hz, 1H), 7.61 
(d, J = 8.1 Hz, 1H), 7.53-7.51 (m, 2H), 7.40-7.24 
(m, 8H), 7.16-7.10 (m, 2H), 6.85 (d, J = 6.9 Hz, 
1H), 4.88 (s, 1H), 3.40 (s, 3H); 13C NMR (75 
MHz, CDCl3): 170.0, 136.1, 134.7, 134.4, 134.1, 
133.9, 131.4, 131.0, 129.5, 129.2, 129.1, 129.0, 
128.9, 127.9, 127.1, 126.7, 126.6, 126.2, 125.4, 
125.3, 123.7, 123.5, 82.9, 71.8, 57.6; IR (KBr, 
cm-1) 3061, 1747, 1560, 1163, 1110; MS: HR-ESI 
calculated for C30H24O3Na+: 455.1618, found: 
455.1618. HPLC (CHIRALCEL AD-H, 
IPA/hexane 1/10, 1 mL/min): (R)-enantiomer: 8.2 
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min; (S)-enantiomer: 13.2 min. 
O
Me
OH
O  
HPLC (CHIRALCEL AD-H, IPA/hexane/TFA 
1/50/0.05, 1 mL/min): (S)-enantiomer: 13.5 min; 
(R)-enantiomer: 18.8 min. Absolute 
stereochemistry was determined by comparison of 
the sign of optical rotation (+) with literature data.9 
O
Me
O
O
1-Np
1-Np  
1H NMR (300 MHz, CDCl3): 8.42 (s,1H), 8.05 
(d, J = 7.8 Hz, 1H), 7.94 (d, J = 8.4 Hz, 1H), 
7.90-7.82 (m, 4H), 7.58-7.45 (m, 3H), 7.40-7.16 
(m, 7H), 6.96 (t, J = 7.5 Hz, 1H), 6.83 (d, J = 8.1 
Hz, 2H), 4.88 (q, J = 6.6 Hz, 1H), 1.64 (d, J = 6.6 
Hz, 3H); 13C NMR (75 MHz, CDCl3): 171.8, 
157.7, 134.6, 134.3, 134.2, 134.0, 131.5, 131.1, 
129.8, 129.6, 129.3, 129.2, 129.1, 127.1, 126.8, 
126.7, 126.2, 126.1, 125.8, 125.4, 125.4, 123.6, 
123.6, 121.8, 115.3, 72.8, 72.0, 18.8; IR (KBr, 
cm-1) 3060, 1752, 1599, 1239, 1179, 1129; MS: 
HR-ESI calculated for C30H24O3Na+: 455.1618, 
found: 455.1621. HPLC: Reduced with LiAlH4 to 
the corresponding alcohol and analyzed as 
described below. 
O
Me
OH
 
HPLC (CHIRALCEL AS-H, IPA/hexane 1/20, 1 
mL/min): (S)-enantiomer: 7.9 min; (R)-enantiomer: 
10.5 min. Absolute stereochemistry was 
determined by comparison of the HPLC data with a 
previous report.10 
O
Et
OH
O  
HPLC (CHIRALCEL AD-H, IPA/hexane/TFA 
1/50/0.05, 1 mL/min): (S)-enantiomer: 14.5 min; 
(R)-enantiomer: 18.0min.11 
O
Et
O
O
1-Np
1-Np  
1H NMR (300 MHz, CDCl3): 8.48(s, 1H), 8.03 
(d, J = 9.0 Hz, 1H), 7.91(d, J = 9.0 Hz, 1H), 
7.87-7.79(m, 4H), 7.53-7.42(m, 3H), 7.37-7.13(m, 
7H), 6.94(t, J = 7.5 Hz, 1H), 6.82(d, J = 7.8 Hz, 
2H), 4.66(t, J = 6.3 Hz, 1H), 2.00(m, 2H), 1.03(t, J 
= 7.2 Hz, 3H); 13C NMR (75 MHz, CDCl3): 
171.26, 158.08, 134.64, 134.36, 134.15, 133.99, 
131.43, 131.05, 129.74, 129.63, 129.25, 129.21, 
129.40, 127.07, 126.80, 126.70, 126.22, 126.07, 
125.85, 125.44, 125.37, 123.64, 123.57, 121.75, 
115.37, 77.97, 71.86, 26.40, 9.98; IR (KBr, 
cm-1):3059, 2971, 2936, 1751, 1599, 1493, 1239, 
1129, 778, 752; MS: HR-ESI calculated 
forC31H26NaO3+: 469.1774; found: 469.1774. 
HPLC (CHIRALCEL OD-H, IPA/hexane 1/50, 1 
mL/min): (R)-enantiomer: 8.4 min; (S)-enantiomer: 
 114
15.0min. 
O
i-Pr
OH
O  
1H NMR (300 MHz, CDCl3): 11.08(br, 1H), 
7.30(t,  J = 6.9 Hz, 2H), 7.02(t, J = 7.2 Hz, 1H), 
6.91(d, J = 7.5 Hz, 2H), 4.45(d, J = 4.8 Hz, 1H), 
2.39-2.28(m, 1H), 1.12(d, J = 6.9 Hz, 3H), 1.11(d, 
J = 6.9 Hz, 3H); 13C NMR (75 MHz, CDCl3): 
177.37, 158.23, 129.88, 122.07, 115.44, 81.21, 
31.83, 18.96, 17.70; IR (KBr, cm-1):3041, 2966, 
2936, 1698, 1597, 1495, 1229, 1037, 752; MS: 
HR-ESI calculated for C11H14NaO3+ 217.0835; 
found: 217.0844. HPLC (CHIRALCEL AD-H, 
IPA/hexane/TFA 1/50/0.05, 1 mL/min): 
(S)-enantiomer: 16.0 min; (R)-enantiomer: 
17.6min. 
O
i-Pr
O
O
1-Np
1-Np  
1H NMR (300 MHz, CDCl3): 8.51(s, 1H), 8.06 
(d, J = 9.0 Hz, 1H), 7.91(d, J = 9.0 Hz, 1H), 
7.85-7.77(m, 4H), 7.54-7.11(m, 10H), 6.94(t, J = 
7.5 Hz, 1H), 6.82(d, J = 7.8 Hz, 2H), 4.48 (d, J = 
5.8 Hz, 1H), 2.29(m, 1H), 1.01(t, J = 6.6 Hz, 6H); 
13C NMR (75 MHz, CDCl3): 170.82, 158.39, 
134.76, 134.44, 134.14, 133.98, 131.37, 131.02, 
129.70, 129.58, 129.19, 129.02, 127.03. 126.77, 
126.71, 126.22, 126.04, 125.94, 125.44, 125.34, 
123.67, 123.62, 121.69, 115.45, 81.80, 71.66, 
31.73, 19.14, 17.69; IR (KBr, cm-1): 3060, 2966, 
2932, 1750, 1597, 1494, 1226, 1179, 1122, 777, 
690; MS: HR-ESI calculated for C32H28NaO3+: 
483.1931; found: 483.1926.HPLC (CHIRALCEL 
OD-H, IPA/hexane 1/50, 0.8 mL/min): 
(R)-enantiomer: 8.2 min; (S)-enantiomer: 9.6min. 
O
Me
OH
OCl
Cl
 
HPLC (CHIRALCEL AD-H, IPA/hexane/TFA 
1/50/0.05, 1 mL/min): (S)-enantiomer: 13.1min; 
(R)-enantiomer: 19.1 min. Absolute 
stereochemistry was determined by comparison of 
the sign of optical rotation (+) with literature data.12
O
Me
O
O
1-Np
1-NpCl
Cl
 
1H NMR (300 MHz, CDCl3): 8.46 (s,1H), 
7.96-7.83 (m, 6H), 7.56-7.25 (m, 9H), 6.77 (d, J = 
8.7 Hz, 1H), 6.56 (d, J = 8.7 Hz, 1H), 4.85 (q, J = 
6.6 Hz, 1H), 1.70 (d, J = 6.6 Hz, 3H); 13C NMR 
(75 MHz, CDCl3): 170.8, 152.2, 134.3, 134.1, 
134.0, 131.2, 131.1, 130.4, 129.6, 129.5, 129.3, 
129.2, 127.5, 127.1, 127.0, 126.9, 126.3, 126.2, 
126.1, 125.4, 125.3, 124.8, 123.5, 123.4, 74.5, 72.3, 
18.6; IR (KBr, cm-1) 3064, 1753, 1599,1478, 1264, 
1182, 1125; MS: HR-ESI calculated for 
C30H22Cl2O3Na+: 523.0838, found: 523.0840. 
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HPLC (CHIRALCEL AD-H, IPA/hexane 1/100, 1 
mL/min): (S)-enantiomer: 15.8 min; 
(R)-enantiomer: 20.5 min. 
 
Me
O
Me
OH
O  
HPLC: converted into 17e via DCC-mediated 
esterification with di(1-naphthyl)methanol in the 
presence of DMAP and analyzed as described 
below.13 
Me
O
Me
O
O
1-Np
1-Np  
1H NMR (300 MHz, CDCl3): 8.50(s, 1H), 
8.00-7.84 (m, 6H), 7.53-7.36 (m, 8H), 4.00(d, J = 
6.6 Hz, 1H), 3.35(s, 3H), 1.42(d, J = 6.6 Hz, 3H); 
13C NMR (75 MHz, CDCl3): 172.61, 134.86, 
134.79, 134.11, 131.29, 131.25, 129.47, 129.42, 
129.15, 126.96, 126.19, 125.90, 125.45, 123.62, 
71.52, 58.02, 18.73; IR (KBr, cm-1): 3060, 2985, 
2934, 2826, 1745, 1179, 1128, 778; MS: HR-ESI 
calculated for C25H22NaO3+: 393.1461; found: 
393.1450. HPLC (CHIRALCEL AD-H, 
IPA/hexane 1/200, 1 mL/min): (S)-enantiomer: 
37.2 min. (R)-enantiomer: 43.9 min. 
OH
O
O
 
HPLC: converted into ester via DCC-mediated 
esterification with di(1-naphthyl)methanol in the 
presence of DMAP and analyzed as described 
below. 
O
O
1-Np
1-Np
O
 
1H NMR (300 MHz, CDCl3): 8.49(s, 1H), 
8.05-7.84 (m, 6H), 7.55-7.33 (m, 8H), 4.62(dd, J1 
= 8.1 Hz, J2= 5.1 Hz 1H), 4.06-3.96(m, 2H), 
2.30-2.08(m, 4H); 13C NMR (75 MHz, CDCl3): 
172.84, 134.93, 134.76, 134.11, 131.36, 131.24, 
129.47, 129.36, 129.14, 127.05, 126.90, 126.33, 
126.17, 125.83, 125.48, 123.66, 123.61, 77.06, 
71.44, 69.67, 30.48, 25.40; IR (KBr, cm-1) 3059, 
2979, 2875, 1746, 1164, 1083, 778; MS: HR-ESI 
calculated for C26H22NaO3+: 405.1461; found: 
405.1476. HPLC (CHIRALCEL OD-H, 
IPA/hexane 1/20, 1 mL/min): (R)-enantiomer: 13.3 
min; (S)-enantiomer: 16.9 min. Absolute 
configuration was determined by HPLC 
comparison with a sample derived from 
commercially available. 
Me
Cl
OH
O  
HPLC: converted into 19e via DCC-mediated 
esterification with di(1-naphthyl)methanol in the 
presence of DMAP and analyzed as described 
below. 
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Me
Cl
O
O
1-Np
1-Np  
1H NMR (300 MHz, CDCl3): 8.44(s, 1H), 
7.97-7.84 (m, 6H), 7.54-7.38 (m, 8H), 4.51(q, J = 
6.6 Hz, 1H), 1.70(d, J = 6.6 Hz, 3H); 13C NMR (75 
MHz, CDCl3): 169.44, 134.38, 134.27, 134.09, 
131.27, 131.21, 129.62, 129.55, 129.22, 129.16, 
127.08, 127.02, 126.27, 126.22, 126.19, 126.06, 
125.51, 123.56, 123.46, 72.78, 52.85, 21.71; IR 
(KBr, cm-1) 3060, 2985, 1740, 1162, 778; MS: 
HR-ESI calculated for C24H19ClNaO2+: 397.0966; 
found: 397.0962.HPLC (CHIRALCEL OD-H, 
IPA/hexane 1/200, 1 mL/min): (S)-enantiomer: 
17.5 min; (R)-enantiomer: 25.0 min. Absolute 
configuration was determined by HPLC 
comparison with a sample derived from 
commercially available (S)-19. 
Et
Cl
OH
O  
HPLC: converted into ester via DCC-mediated 
esterification with di(1-naphthyl)methanol in the 
presence of DMAP and analyzed as described 
below. 
Et
Cl
O
O
1-Np
1-Np  
1H NMR (300 MHz, CDCl3): 8.46(s, 1H), 
7.97-7.84 (m, 6H), 7.53-7.37 (m, 8H), 4.33(t, J = 
6.0 Hz, 1H), 2.13-1.90(m, 2H), 0.98(d, J = 7.2 Hz, 
3H); 13C NMR (75 MHz, CDCl3): 169.04, 
134.42, 134.30, 134.10, 131.23, 129.58, 129.20, 
129.17, 127.02, 126.21, 125.50, 123.56, 123.52, 
72.66, 59.16, 28.50, 10.75; IR (KBr, cm-1) 3060, 
2973, 1742, 1161, 778; MS: HR-ESI calculated for 
C25H21ClNaO2+: 411.1128; found: 411.1120. 
HPLC (CHIRALCEL OD-H, IPA/hexane 1/200, 1 
mL/min): (S)-enantiomer: 19.0 min; 
(R)-enantiomer: 25.50 min. 
PhCH2
F
OH
O  
HPLC (CHIRALCEL OD-H, IPA/hexane/TFA 
1/100/0.1, 1 mL/min): (R)-enantiomer: 49.6 min; 
(S)-enantiomer: 53.8 min.14 
PhCH2
F
O
O
1-Np
1-Np  
1H NMR (300 MHz, CDCl3): 8.54(s, 1H), 
8.02-7.86 (m, 6H), 7.56-7.33 (m, 8H), 7.22-7.12(m, 
5H), 6.18(ddd, J1 = 48 Hz, J2= 7.8 Hz, J3= 4.5 Hz, 
1H), 3.34-3.09(m, 2H); 13C NMR (75 MHz, 
CDCl3): d, J = 23.6 Hz), 135.05, 134.32, 
134.27, 134.11, 134.08, 131.17, 131.12, 129.65, 
129.61, 129.54, 129.21, 129.19, 128.75, 127.37, 
127.12, 126.30, 126.23, 126.20, 126.06, 125.51, 
123.47, 29.57(d, J = 187.2 Hz(d, J = 
20.8 Hz IR (KBr, cm-1) 3061, 2928, 1756, 1183, 
778, 699; MS: HR-ESI calculated for 
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C30H23FNaO2+: 457.1574; found: 457.1574. HPLC 
(CHIRALCEL OD-H, IPA/hexane 1/50, 0.5 
mL/min): (R)-enantiomer: 30.0 min; 
(S)-enantiomer: 32.1 min. 
i-Pr
Br
OH
O  
HPLC: converted into 22e via DCC-mediated 
esterification with di(1-naphthyl)methanol in the 
presence of DMAP and analyzed as described 
below. 
i-Pr
Br
O
O
1-Np
1-Np  
1H NMR (300 MHz, CDCl3): 8.46(s, 1H), 
7.99-7.84 (m, 6H), 7.52-7.37 (m, 8H), 4.14(d, J = 
8.1 Hz, 1H), 2.26(m, 1H), 1.05(d, J = 6.6 Hz, 3H), 
0.96(d, J = 6.0 Hz, 3H); 13C NMR (75 MHz, 
CDCl3): 168.89, 134.49, 134.27, 134.08, 131.26, 
131.21, 129.53, 129.17, 129.13, 127.00, 126.96, 
126.28, 126.23, 126.19, 125.46, 123.67, 123.58, 
72.49, 54.66, 32.38, 20.30, 20.21; IR (KBr, cm-1), 
3059, 2967, 1740, 1142, 790, 778; MS: HR-ESI 
calculated for C26H23BrNaO2+: 469.0779; found: 
469.0784. HPLC (CHIRALCEL OD-H, 
IPA/hexane 1/200, 1 mL/min): (S)-enantiomer: 
17.7 min; (R)-enantiomer: 26.2 min. 
Me
N3
OH
O  
HPLC: converted into ester via DCC-mediated 
esterification with di(1-naphthyl)methanol in the 
presence of DMAP and analyzed as described 
below.13 
Me
N3
O
O
1-Np
1-Np  
1H NMR (300 MHz, CDCl3): 8.48(s, 1H), 
7.97-7.85 (m, 6H), 7.54-7.37 (m, 8H), 4.03(q, J = 
7.2 Hz, 1H), 1.49(d, J = 7.2 Hz, 3H); 13C NMR (75 
MHz, CDCl3): 170.56, 134.38, 134.28, 134.13, 
131.22, 129.64, 129.24, 127.13, 127.09, 126.26, 
126.13, 125.49, 123.43, 72.70, 57.70, 17.05; IR 
(KBr, cm-1), 3060, 2107, 1741, 1181, 778; MS: 
HR-ESI calculated for C24H19N3NaO2+: 
404.1369; found: 404.1368. HPLC (CHIRALCEL 
OD-H, IPA/hexane 1/200, 1 mL/min): 
(S)-enantiomer: 22.4 min; (R)-enantiomer: 
26.4min. Absolute configuration was determined 
by conversion into N-benzoylalanine derivative and 
HPLC comparison with an authentic sample 
derived from (S)-alanine. 
Et
N3
OH
O  
1H NMR (300 MHz, CDCl3): 8.17(br, 1H), 3.84 
(dd, J1 = 7.8 Hz, J2 = 5.4 Hz, 1H),1.99-1.77(m, 
2H), 1.04(t, J = 7.2 Hz, 3H); 13C NMR (75 MHz, 
CDCl3): 175.56, 63.34, 25.04, 10.39; IR (KBr, 
cm-1): 2976, 2940, 2108, 1721, 1233; MS: HR-ESI 
calculated for C4H7N3NaO2+: 152.043, found: 
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152.0437. HPLC: converted into 24e via 
DCC-mediated esterification with 
di(1-naphthyl)methanol in the presence of DMAP 
and analyzed as described below. 
Et
N3
O
O
1-Np
1-Np  
1H NMR (300 MHz, CDCl3): 8.50(s, 1H), 
7.99-7.85 (m, 6H), 7.53-7.38 (m, 8H), 3.88(dd, J1 
= 8.1 Hz, J2 = 5.4 Hz,1H), 1.94-1.78(m, 2H), 
0.96(m, 3H); 13C NMR (75 MHz, CDCl3): 
170.07, 134.41, 134.35, 134.13, 131.21, 129.63, 
129.23, 127.11, 127.08, 126.26, 126.11, 125.48, 
123.46, 72.70, 63.75, 25.13, 10.48; IR (KBr, cm-1) 
3060, 2971, 2105, 1740, 1178, 778; MS: HR-ESI 
calculated for C25H21N3NaO2+: 418.1526 found: 
418.1524. HPLC (CHIRALCEL OD-H, 
IPA/hexane 1/200, 1 mL/min): (S)-enantiomer: 
16.6 min; (R)-enantiomer: 22.2min. 
i-Pr
N3
OH
O  
HPLC: converted into 25e via DCC-mediated 
esterification with di(1-naphthyl)methanol in the 
presence of DMAP and analyzed as described 
below.13 
i-Pr
N3
O
O
1-Np
1-Np  
1H NMR (300 MHz, CDCl3): 8.56(s, 1H), 
8.05-7.87 (m, 6H), 7.56-7.40 (m, 8H), 3.81(d, J = 
6.0 Hz, 1H), 2.30-2.22(m, 1H), 0.97-0.92(m, 6H); 
13C NMR (75 MHz, CDCl3): 169.64, 134.44, 
134.41, 134.11, 131.18, 129.61, 129.21, 127.09, 
127.03, 126.33, 126.24, 126.09, 125.45, 123.51, 
123.47, 72.43, 68.64, 31.15, 19.74, 18.03; IR (KBr, 
cm-1) 3060, 2966, 2104, 1738, 1180, 776; MS: 
HR-ESI calculated for C26H23N3NaO2+: 432.1682; 
found: 432.1672. HPLC (CHIRALCEL OD-H, 
IPA/hexane 1/200, 1 mL/min): (S)-enantiomer: 
15.7 min; (R)-enantiomer: 20.2min. 
Me
NHCbz
OH
O  
HPLC (CHIRALCEL AD-H, IPA/hexane/TFA 
1/9/0.01): (S)-enantiomer: 11.8 min; 
(R)-enantiomer: 24.5 min. Absolute configuration 
was determined by HPLC comparison with a 
sample derived from (S)-alanine. 
Me
NHCbz
O
O
1-Np
1-Np  
1H NMR (300 MHz, CDCl3): 8.41(s, 1H), 
7.96-7.84 (m, 6H), 7.53-7.23 (m, 13H), 5.35(d, J = 
7.8 Hz, 1H), 5.07(m, 2H), 4.53(m, 1H), 1.41(d, J = 
7.2 Hz, 3H); 13C NMR (150 MHz, CDCl3): 
172.22, 155.50, 134.27, 134.04, 133.84, 133.82, 
130.98, 130.90, 129.28, 129.24,128.93, 128.90, 
128.49, 128.13, 128.07, 126.80, 126.72, 125.92, 
125.79, 125.79, 125.26, 125.22, 123.30, 123.22, 
72.26, 66.89, 49.96, 18.72; IR (KBr, cm-1) 3334, 
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3061, 172, 1510, 1166, 778; MS: HR-ESI 
calculated for C32H27NNaO4+: 512.1832; found: 
512.1814. HPLC (CHIRALCEL OD-H, 
IPA/hexane 1/9): (R)-enantiomer: 14.7 min; 
(S)-enantiomer: 17.8 min. 
OH
O
N
Cbz  
HPLC (CHIRALCEL AD-H, IPA/hexane/TFA 
1/20/0.02, 1 mL/min): (R)-enantiomer: 23.9 min; 
(S)-enantiomer: 30.2 min. Absolute 
stereochemistry was determined by HPLC 
comparison with a sample derived from 
(S)-proline. 
O
O
1-Np
1-Np
N
Cbz
 
1H NMR (300 MHz, CDCl3): 8.47(s, 1H, major 
isomer), 8.43(s, 1H, minor isomer), 8.02-7.82 (m, 
6H), 7.54-7.01 (m, 13H), 5.15(d, J = 12.6 Hz, 1H, 
major isomer), 5.20-5.09(m, 2H, minor isomer), 
4.68(d, J = 12.6 Hz, 1H, major isomer), 
4.60-4.50(m, 1H), 3.67-3.43(m, 2H), 2.25-1.80(m, 
4H); 13C NMR (75 MHz, CDCl3): 172.20, 
172.12, 154.53, 136.76, 134.98, 134.83, 134.67, 
134.52, 134.12, 134.08, 131.27, 129.44, 129.33, 
129.20, 129.14, 129.01, 128.69,128.54, 128.15, 
128.05, 127.97, 127.76, 126.92, 126.83, 126.25, 
126.19, 126.14, 126.11, 125.55, 125.47, 125.42, 
123.88, 123.65, 123.56, 72.19, 71.84, 67.22, 67.04, 
59.73, 59.35, 47.18, 46.63, 31.16, 30.08, 24.47, 
23.62; IR (KBr, cm-1), 3060, 2954, 2879, 1745, 
1705, 1413, 1353, 1161, 778; MS: HR-ESI 
calculated for C34H29NNaO4+: 538.1989; found: 
538.2014. 
Me
NPht
OH
O  
HPLC (CHIRALCEL OD-H, IPA/hexane/TFA 
1/20/0.02, 1 mL/min): (R)-enantiomer: 15.2 min; 
(S)-enantiomer: 19.9 min. Absolute 
stereochemistry was determined by HPLC 
comparison with a sample derived from 
(S)-alanine. 
Me
NPht
O
O
1-Np
1-Np  
1H NMR (300 MHz, CDCl3): 8.39(s, 1H), 
7.99-7.66 (m, 10H), 7.53-7.32 (m, 8H), 5.11(q, J = 
7.5 Hz, 1H), 1.75(d, J = 7.5 Hz, 3H); 13C NMR (75 
MHz, CDCl3): 169.29, 167.58, 134.40, 134.36, 
134.36, 134.25, 134.07, 134.02, 132.10, 131.24, 
129.45, 129.04, 128.99, 126.98, 126.46, 126.13, 
126.07, 126.01, 125.37, 123.77, 123.72, 123.62, 
73.33, 48.20, 15.46; IR (KBr, cm-1) 3051, 2940, 
1713, 1386, 777, 718; MS: HR-ESI calculated for 
C32H23NNaO4+: 508.1519; found: 508.1506. HPLC 
(CHIRALCEL OD-H, IPA/hexane 1/50, 1 
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mL/min): (S)-enantiomer: 26.0min; 
(R)-enantiomer: 30.7 min. 
Me
NPht
O
O
Ph
Ph  
1H NMR (300 MHz, CDCl3): 7.88-7.83(m, 2H), 
7.77-7.73 (m, 2H), 7.37-7.22 (m, 10H), 6.91(s, 1H), 
5.09(q, J = 7.2 Hz, 1H), 1.80(d, J = 7.2 Hz, 3H); 
13C NMR (75 MHz, CDCl3): 169.02, 167.67, 
139.74, 134.39, 132.17, 128.77, 128.67, 128.27, 
128.24, 127.43, 127.12, 123.71, 78.70, 48.17, 
15.46 ; IR (KBr, cm-1) 3031, 2944, 1779, 1746, 
1715, 1389, 720, 699; MS: HR-ESI calculated for 
C24H19NNaO4+: 408.1206; found: 408.1208. HPLC 
(CHIRALCEL OD-H, IPA/hexane 1/20, 1.0 
mL/min): (R)-enantiomer: 11.3 min; 
(S)-enantiomer: 12.4min. 
Me
NPht
O
O
Me
Me  
1H NMR (300 MHz, CDCl3): 7.87-7.82(m, 2H), 
7.76-7.71(m, 2H), 5.10-5.03(m, 1H), 4.91(q, J = 
7.2 Hz, 1H), 1.66(d, J = 7.2 Hz, 3H), 1.22(d, J = 
6.3 Hz, 3H), 1.18(d, J = 6.0 Hz, 3H)  13C NMR 
(75 MHz, CDCl3): 169.4, 167.7, 134.3, 132.2, 
123.6, 69.8, 48.0, 21.9, 21.8, 15.5; IR (KBr, cm-1) 
2982, 2939, 1715, 1389; MS: HR-ESI calculated 
for C14H15NNaO4+: 284.0893, found: 284.0900. 
HPLC (CHIRALCEL OD-H, IPA/hexane 1/50, 1 
mL/min): (S)-enantiomer: 10.9 min; 
(R)-enantiomer: 12.7 min.15 
Me
NPht
O
O
1-Np
 
1H NMR (300 MHz, CDCl3): 7.90(d, J = 8.1 Hz, 
1H), 7.85-7.77 (m, 4H), 7.73-7.69 (m, 2H), 
7.50-7.38(m, 4H), 5.64(s, 2H), 5.06(q, J = 7.5 Hz, 
1H), 1.70(d, J = 7.5 Hz, 3H); 13C NMR (75 MHz, 
CDCl3): 169.89, 167.59, 134.30, 133.87, 132.11, 
131.80, 130.97, 129.69, 128.83, 127.81, 126.71, 
126.11, 125.41, 123.71, 123.66, 66.28, 47.90, 
15.52; IR (KBr, cm-1) 3051, 2944, 1779, 1744, 
1714, 1390, 719; HR-ESI calculated for 
C22H17NNaO4+: 382.1050; found:382.1050. HPLC 
(CHIRALCEL AD-H, IPA/hexane 1/20, 1 
mL/min): (R)-enantiomer: 22.5 min; 
(S)-enantiomer: 24.6 min. 
Me
NPht
O
O
2-Np
 
1H NMR (300 MHz, CDCl3): 7.87-7.71(m, 8H), 
7.50-7.46 (m, 2H), 7.39 (dd, J1 = 8.7 Hz, J2 = 1.8 
Hz, 1H), 5.35(s, 2H), 5.06(q, J = 7.5 Hz, 1H), 
1.75(d, J = 7.5 Hz, 3H); 13C NMR (75 MHz, 
CDCl3): 169.89, 167.66, 134.39, 133.34, 132.94, 
132.17, 128.60, 128.22, 127.91, 127.51, 126.52, 
125.85, 123.73, 67.87, 47.93, 15.56; IR (KBr, 
cm-1) 3056, 2944, 1779, 1744, 1713, 1389, 719; 
 121
MS: HR-ESI calculated for C22H17NNaO4+: 
382.1050; found:382.1047 .HPLC (CHIRALCEL 
OD-H, IPA/hexane 1/50, 1 mL/min): 
(R)-enantiomer: 39.0 min; (S)-enantiomer: 46.0 
min. 
NPht
OH
O
Ph
 
HPLC (CHIRALCEL OD-H, IPA/hexane/TFA 
1/20/0.02, 1 mL/min): (R)-enantiomer: 28.2 min; 
(S)-enantiomer: 36.4 min. 
NPht
O
O
1-Np
1-Np
Ph
 
1H NMR (300 MHz, CDCl3): 8.45(s, 1H), 
8.02-7.81 (m, 6H), 7.70-7.60 (m, 4H), 7.55-7.26(m, 
8H), 7.14-7.11(m, 5H), 5.29(dd, J1 = 9.9 Hz, J2 = 
6.6 Hz, 1H), 3.63(m, 2H); 13C NMR (75 MHz, 
CDCl3): 168.44, 167.62, 136.80, 134.31, 134.26, 
134.17, 134.09, 134.02, 131.76, 131.26, 129.49, 
129.07, 129.01, 128.71, 127.08, 127.02, 126.43, 
126.91, 126.10, 125.38, 123.69, 123.58, 73.48, 
53.92, 34.75; IR (KBr, cm-1) 3060, 1776, 1742, 
1716, 1387, 777, 719; MS: HR-ESI calculated for 
C38H27NNaO4+: 584.1832; found: 584.1823. HPLC 
(CHIRALCEL OD-H, IPA/hexane 1/50, 1 
mL/min): (S)-enantiomer: 25.5min; 
(R)-enantiomer: 35.4 min. 
NPht
OH
O
i-Pr
 
HPLC (CHIRALCEL OD-H, IPA/hexane/TFA 
1/20/0.02, 1 mL/min): (R)-enantiomer: 12.9 min; 
(S)-enantiomer: 15.0 min. Absolute 
stereochemistry was determined by HPLC 
comparison with a sample derived from 
(S)-leucine. 
NPht
O
O
1-Np
1-Np
i-Pr
 
1H NMR (300 MHz, CDCl3): 8.44(s, 1H), 
8.01-7.74 (m, 8H), 7.69-7.64 (m, 2H), 7.54-7.41(m, 
6H), 7.34(m, 2H), 5.12(dd, J1 = 11.4 Hz, J2 = 4.2 
Hz, 1H), 2.55-2.46(m, 1H), 2.06-1.96(m, 1H), 
1.52-1.29(m, 1H), 0.94-0.90(m, 6H); 13C NMR (75 
MHz, CDCl3): 169.47, 167.96, 134.48, 134.48, 
134.45, 134.27, 134.09, 134.04, 131.99, 131.25, 
129.46, 129.08, 129.02, 127.02, 126.41, 126.17, 
126.11, 126.04, 125.41, 123.76, 123.69, 123.63, 
73.21, 51.45, 37.19, 25.41, 23.38, 21.24; IR (KBr, 
cm-1) 3059, 2959, 1775, 1715, 1386, 777, 719; MS: 
HR-ESI calculated for C35H29NNaO4+: 550.1989; 
found: 550.1972. HPLC (CHIRALCEL OD-H, 
IPA/hexane 1/50, 1 mL/min): (S)-enantiomer: 12.6 
min; (R)-enantiomer: 18.7 min. 
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NPht
OH
O
MeS
 
HPLC (CHIRALCEL OD-H, IPA/hexane/TFA 
1/20/0.02): (R)-enantiomer: 19.7 min; 
(S)-enantiomer: 34.3min. 
NPht
O
O
1-Np
1-Np
MeS
 
1H NMR (300 MHz, CDCl3): 8.41(s, 1H), 
7.99-7.75 (m, 8H), 7.70-7.65 (m, 2H), 7.53-7.32(m, 
8H), 5.24 (dd, J1 = 9.0 Hz, J2 = 4.2 Hz, 1H), 
2.65-2.43(m, 4H), 1.97(s, 3H); 13C NMR (75 MHz, 
CDCl3): 168.71, 167.84, 134.37, 134.28, 134.23, 
134.09, 134.03, 131.95, 131.23, 131.19, 129.52, 
129.11, 129.02, 127.08, 127.02, 126.39, 126.20, 
126.11, 125.44, 125.39, 123.73, 123.68, 73.50, 
51.69, 31.11, 28.18, 15.56; IR (KBr, cm-1) 3059, 
2916, 1776, 1714, 1385, 778, 719; MS: HR-ESI 
calculated for C34H27NNaO4S+: 568.1553; found: 
568.1540. HPLC (CHIRALCEL OD-H, 
IPA/hexane 1/20, 1 mL/min): (S)-enantiomer: 20.1 
min, (R)-enantiomer: 27.2 min; 
i-Pr
NPht
OH
O  
HPLC (CHIRALCEL OD-H, IPA/hexane/TFA 
1/20/0.02): (R)-enantiomer: 10.9 min; 
(S)-enantiomer: 13.3 min. 
i-Pr
NPht
O
O
1-Np
1-Np  
1H NMR (300 MHz, CDCl3): 8.40(s, 1H), 
8.02-7.65 (m, 10H), 7.50-7.25 (m, 8H), 4.67 (d, J = 
9.0 Hz, 1H), 2.90-2.86(m, 1H), 1.08(d, J = 6.6 Hz, 
3H), 0.87(d, J = 6.9 Hz, 3H); 13C NMR (75 MHz, 
CDCl3): 168.27, 167.82, 134.51, 134.47, 134.21, 
134.04, 133.96, 131.22, 131.13, 129.38, 129.30, 
129.04, 128.86, 126.95, 126.79, 126.29, 126.19, 
126.09, 125.94, 125.37, 125.27, 123.82, 123.65, 
123.61, 72.86, 58.67, 28.27, 21.12, 19.70; IR (KBr, 
cm-1) 3050, 2965, 1716, 1384, 778, 724; MS: 
HR-ESI calculated for C34H27NNaO4+: 536.1832; 
found: 536.1820. HPLC (CHIRALCEL OD-H, 
IPA/hexane 1/50, 1 mL/min): (S)-enantiomer: 14.5 
min; (R)-enantiomer: 18.8 min. 
S
Me
OH
O  
HPLC (CHIRALCEL AD-H, IPA/hexane/TFA 
1/100/0.1, 0.8 mL/min): (S)-enantiomer: 48.7 min; 
(R)-enantiomer: 53.8 min. Absolute 
stereochemistry was determined by comparison of 
the sign of optical rotation (+) with literature data16 
S
Me
O
O
1-Np
1-Np  
1H NMR (300 MHz, CDCl3): 8.46 (s,1H), 
8.00-7.85 (m, 6H), 7.54-7.35 (m, 8H), 7.29 (d, J = 
7.5 Hz, 2H), 7.22-7.10 (m, 3H), 4.95 (q, J = 7.2 Hz, 
1H), 1.53 (d, J = 7.2 Hz, 3H); 13C NMR (75 MHz, 
CDCl3): 172.1, 134.9, 134.8, 134.1, 134.1, 133.3, 
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132.8, 131.3, 131.3, 129.4, 129.3, 129.1, 129.1, 
128.0, 127.0, 126.9, 126.2,126.1, 125.5, 123.8, 
123.7, 71.8, 45.5, 17.8; IR (KBr, cm-1) 3057, 1731, 
1560, 1249, 1149; MS: HR-ESI calculated for 
C30H24O2SNa+: 471.1389, found: 471.1391. HPLC 
(CHIRALCEL OD-H, IPA/hexane 1/50, 1 
mL/min): (S)-enantiomer: 8.2 min; (R)-enantiomer: 
10.1 min. Absolute configuration was determined 
by HPLC comparison with a sample derived from 
(S)-2-bromopropionic acid. 
S
Me
O
O
Ph
Ph  
1H NMR (300 MHz, CDCl3): 7.33-7.16(m, 15H), 
6.84(s, 1H), 3.88(q, J = 7.5 Hz, 1H), 1.50(d, J = 7.5 
Hz, 3H); 13C NMR (75 MHz, CDCl3): 171.78, 
140.10, 140.05, 133.27, 133.16, 129.13, 128.72, 
128.69, 128.19, 128.16, 128.21, 127.41, 127.39, 
77.86, 45.44, 17.56; IR (KBr, cm-1): 3061, 3030, 
2977, 2930, 1733, 1152, 743, 698; MS: HR-ESI 
calculated for C22H20NaO2S+: 371.1076, found: 
371.1080. HPLC: Reduced with LiAlH4 to the 
corresponding alcohol and analyzed as described 
below. 
S
Me
O
O
Me
Me  
1H NMR (300 MHz, CDCl3): 7.48-7.43(m, 2H), 
7.33-7.25 (m, 3H), 4.96(m, 1H), 3.77(q, J = 7.5 Hz, 
1H), 1.47(d, J = 7.5 Hz, 3H), 1.18(d, J = 6.3 Hz, 
3H), 1.12(d, J = 6.3 Hz, 3H); 13C NMR (75 MHz, 
CDCl3): 172.43, 133.73, 133.06, 129.06, 128.02, 
68.87, 45.58, 21.86, 21.75, 17.57; IR (KBr, cm-1): 
3059, 2980, 2933, 1728, 1170, 1107, 747, 691; 
MS: HR-ESI calculated for C12H16NaO2S+: 
247.0769, found:247.0774. HPLC: Reduced with 
LiAlH4 to the corresponding alcohol and analyzed 
as described below. 
S
Me
O
O
Ph
 
Known compound.17 HPLC: Reduced with LiAlH4 
to the corresponding alcohol and analyzed as 
described below. 
S
Me
O
O
1-Np
 
1H NMR (300 MHz, CDCl3): 7.90-7.82(m, 3H), 
7.53-7.33 (m, 6H), 7.24-7.13 (m, 3H), 5.55(s, 2H), 
3.83(q, J = 7.2 Hz, 1H), 1.48(d, J = 7.2 Hz, 3H); 
13C NMR (75 MHz, CDCl3): 172.87, 133.93, 
133.25, 131.83, 131.29, 129.58, 129.08, 128.90, 
128.17, 127.81, 126.81, 126.17, 125.47, 123.81, 
65.43, 45.55, 17.64; IR (KBr, cm-1): 3055, 2975, 
2930, 1732, 1153, 799, 776, 747, 691;  MS: 
HR-ESI calculated for C20H18NaO2S+: 345.0920, 
found: 346.0919. HPLC: Reduced with LiAlH4 to 
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the corresponding alcohol and analyzed as 
described below. 
S
Me
O
O
2-Np
 
1H NMR (300 MHz, CDCl3): 7.86-7.74(m, 4H), 
7.53-7.49 (m, 2H), 7.41-7.33 (m, 3H), 7.26-7.12 
(m, 3H), 5.26(s, 2H), 3.87(q, J = 7.2 Hz, 1H), 
1.53(d, J = 7.2 Hz, 3H); 13C NMR (75 MHz, 
CDCl3): 172.78, 133.40, 133.22, 133.19, 129.14, 
128.55, 128.26, 127.93, 127.73, 126.54, 126.52, 
126.15, 67.27, 45.46, 17.59; IR (KBr, cm-1): 3055, 
2975, 2931, 1732, 1159, 816, 747, 691;  MS: 
HR-ESI calculated for C20H18NaO2S+: 345.0920, 
found: 346.0923. HPLC: Reduced with LiAlH4 to 
the corresponding alcohol and analyzed as 
described below. 
S
Me
OH
 
HPLC: CHIRALCEL AS-H, IPA/hexane 1/50, 1.0 
mL/min: (R)-enantiomer: 15.8 min; 
(S)-enantiomer: 21.9min.18 
S
Me
OH
O
Me
 
1H NMR (300 MHz, CDCl3): 11.18(br, 1H), 7.41 
(d, J = 8.4 Hz, 2H), 7.12 (d, J = 8.4 Hz, 2H), 
3.70(q, J = 7.2 Hz, 1H), 2.34(s, 3H), 1.48(d, J = 6.9 
Hz, 3H); 13C NMR (75 MHz, CDCl3): 179.36, 
138.93, 134.12, 130.08, 129.07, 45.72, 21.44, 
17.37; IR (KBr, cm-1): 2992, 2921, 1701, 1234, 
813; MS: HR-ESI calculated for C10H11O2S-: 
195.0474; found:195.0469. 
S
Me
O
O
1-Np
1-Np
Me
 
1H NMR (300 MHz, CDCl3): 8.42(s, 1H), 
7.98-7.81 (m, 6H), 7.51-7.32 (m, 8H), 7.13(d, J = 
7.8 Hz, 2H), 6.88 (d, J = 7.8 Hz, 2H), 3.84(q, J = 
7.2 Hz, 1H), 2.24(s, 3H), 1.46(d, J = 7.2 Hz, 3H); 
13C NMR (75 MHz, CDCl3): 172.13, 138.28, 
135.04, 134.86, 134.11, 134.07, 133.72, 131.33, 
131.26, 129.82, 129.35, 129.27, 129.22, 129.12, 
129.05, 126.96, 126.88, 126.24, 126.11, 126.07, 
125.48, 123.82, 123.67, 71.66, 45.80, 21.38, 17.72; 
IR (KBr, cm-1): 3052, 2974, 2927, 1731, 1151, 
778, 736; MS: HR-ESI calculated for 
C31H26NaO2S+: 485.1546, found: 485.1542. 
HPLC: (CHIRALCEL OD-H, IPA/hexane 1/100, 
1.0 mL/min): (S)-enantiomer: 10.8 min; 
(R)-enantiomer: 16.3min. 
S
Me
OH
O
MeO
 
Known compound.19 
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S
Me
O
O
1-Np
1-Np
MeO
 
1H NMR (300 MHz, CDCl3): 8.43(s, 1H), 
8.01-7.81 (m, 6H), 7.51-7.35 (m, 8H), 7.16(d, J = 
9.0 Hz, 2H), 6.59 (d, J = 9.0 Hz, 2H), 3.75(q, J = 
7.2 Hz, 1H), 3.71(s, 3H), 1.43(d, J = 7.2 Hz, 3H); 
13C NMR (75 MHz, CDCl3): 172.13, 160.22, 
136.52, 135.10, 134.91, 134.10, 134.05, 131.33, 
131.22, 129.36, 129.20, 129.13, 129.05, 126.99, 
126.88, 126.30, 126.13, 126.07, 125.50, 123.85, 
123.64, 122.84, 114.55, 71.49, 55.44, 46.22, 17.56; 
IR (KBr, cm-1): 3059, 2963, 2932, 1729, 1591, 
1493, 1247, 1151, 778, 736; MS: HR-ESI 
calculated for C31H26NaO3S+: 501.1495, found: 
501.1496. HPLC: (CHIRALCEL OD-H, 
IPA/hexane 1/50, 1.0 mL/min): (S)-enantiomer: 
13.6 min; (R)-enantiomer: 17.4min. 
S
Me
OH
O
Cl
 
Known compound.20 
S
Me
O
O
1-Np
1-Np
Cl
 
1H NMR (300 MHz, CDCl3): 8.41(s, 1H), 
7.95-7.82 (m, 6H), 7.52-7.32 (m, 8H), 7.10(d, J = 
8.4 Hz, 2H), 6.97 (d, J = 8.4 Hz, 2H), 3.89(q, J = 
7.2 Hz, 1H), 1.49(d, J = 7.2 Hz, 3H); 13C NMR (75 
MHz, CDCl3): 171.85, 134.81, 134.67, 134.23, 
134.09, 131.53, 131.22, 131.20, 129.42, 129.38, 
129.12, 126.97, 126.95, 126.15, 126.11, 126.07, 
125.44, 123.65, 123.58, 71.85, 45.50, 17.54; IR 
(KBr, cm-1): 3059, 2974, 2927, 1730, 1149, 777, 
736; MS: HR-ESI calculated for C30H23ClNaO2S+: 
505.0999, found: 505.0996. HPLC: (CHIRALCEL 
OD-H, IPA/hexane 1/100, 1.0 mL/min): 
(S)-enantiomer: 11.4 min; (R)-enantiomer: 
15.9min. 
S
Me
OH
O
Br
 
1H NMR (300 MHz, CDCl3): 10.89(br, 1H), 7.45 
(d, J = 8.4 Hz, 2H), 7.33 (d, J = 8.4 Hz, 2H), 
3.75(q, J = 7.2 Hz, 1H), 1.49(d, J = 7.2 Hz, 3H); 
13C NMR (75 MHz, CDCl3): 179.00, 134.82, 
132.42, 132.11, 122.95, 45.31, 17.34; IR (KBr, 
cm-1): 2998, 2935, 1701, 1232, 1065, 822; MS: 
HR-ESI calculated for C9H8BrO2S-: 258.9423; 
found 258.9429. 
S
Me
O
O
1-Np
1-Np
Br
 
1H NMR (300 MHz, CDCl3): 8.41(s, 1H), 
7.95-7.82 (m, 6H), 7.50-7.32 (m, 8H), 7.11(d, J = 
8.4 Hz, 2H), 7.03 (d, J = 8.4 Hz, 2H), 3.89(q, J = 
7.2 Hz, 1H), 1.49(d, J = 7.2 Hz, 3H); 13C NMR (75 
MHz, CDCl3): 171.85, 134.81, 134.67, 134.28, 
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134.10, 132.28, 132.07, 131.23, 129.43, 129.16, 
129.31, 126.98, 126.17, 126.13, 126.07, 125.46, 
123.65, 123.60, 122.30, 71.90, 45.36, 17.55; IR 
(KBr, cm-1): 3052, 2975, 2930, 1730, 1150, 778, 
735; MS: HR-ESI calculated for C30H23BrNaO2S+: 
549.0494, found:549.0494. HPLC: (CHIRALCEL 
OD-H, IPA/hexane 1/100, 1.0 mL/min): 
(S)-enantiomer: 11.8 min; (R)-enantiomer: 
16.5min. 
S
Me
OH
O
Ph
 
Known compound.16 
S
Me
O
O
1-Np
1-Np
Ph
 
1H NMR (300 MHz, CDCl3): 8.48(s, 1H), 
8.09-8.06 (m, 1H), 7.96-7.84 (m, 5H), 7.53-7.35(m, 
8H), 7.20-7.15 (m, 3H), 7.06-7.03(m, 2H), 3.59(m, 
2H), 3.40(q, J = 7.2 Hz, 1H), 1.40(d, J = 7.2 Hz, 
3H); 13C NMR (75 MHz, CDCl3): 172.24, 
137.43, 135.01, 134.97, 134.15, 134.13, 131.41, 
131.27, 129.49, 129.36, 129.31, 129.18, 129.16, 
128.64, 127.32, 127.09, 126.95, 126.39, 126.22, 
126.16, 125.82, 125.54, 123.77, 123.71, 71.72, 
40.78, 35.94, 17.10; IR (KBr, cm-1): 3059, 2974, 
2930, 1727, 1250, 1152, 778, 736, 702; MS: 
HR-ESI calculated for C31H26NaO2S: 485.1546, 
found: 485.1561. HPLC: (CHIRALCEL AD-H, 
IPA/hexane 1/50, 1.0 mL/min): (S)-enantiomer: 9.5 
min; (R)-enantiomer: 14.0min. 
Me(CH2)7S
Me
OH
O  
1H NMR (300 MHz, CDCl3): 11.04(br, 1H), 
3.39(q, J = 7.2 Hz, 1H), 2.74-2.58(m, 2H), 
1.67-1.25(m, 15H), 0.87(t, J = 6.6 Hz, 3H); 13C 
NMR (75 MHz, CDCl3): 180.02, 41.09, 32.01, 
31.88, 29.36, 29.08, 22.86, 17.07, 14.30; IR (KBr, 
cm-1): 2955, 2926, 2855, 1709, 1456, 1286, 1239, 
935; MS: HR-ESI calculated for C11H22NaO2S+: 
241.1233; found: 241.1234. 
Me(CH2)7S
Me
O
O
1-Np
1-Np  
1H NMR (300 MHz, CDCl3): 8.43(s, 1H), 
8.02-7.82 (m, 6H), 7.51-7.34 (m, 8H), 3.52(q, J = 
7.2 Hz, 1H), 2.45-2.39(m, 2H), 1.45 (d, J = 7.2 Hz, 
3H), 1.41-1.13(m, 12H), 0.87(t, J = 6.6 Hz, 3H); 
13C NMR (75 MHz, CDCl3): 172.47, 135.00, 
134.09, 131.36, 131.28, 129.37, 129.32, 129.11, 
126.92, 126.26, 126.11, 125.94, 125.49, 125.46, 
123.73, 71.55, 41.61, 32.02, 31.33, 29.37, 29.33, 
29.09, 22.90, 17.46, 14.37; IR (KBr, cm-1): 3050, 
2926, 2853, 1726, 1150, 776; MS: HR-ESI 
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calculated for C32H36NaO2S+: 507.2328, found: 
507.2330. HPLC: (CHIRALCEL OD-H, 
IPA/hexane 1/400, 1.0 mL/min): (S)-enantiomer: 
18.4 min; (R)-enantiomer: 38.0min. 
S
Et
OH
O  
Known compound.21 
S
Et
O
O
1-Np
1-Np  
1H NMR (300 MHz, CDCl3): 8.45(s, 1H), 
7.98-7.81 (m, 6H), 7.51-7.32 (m, 8H), 7.27-7.24(m, 
2H), 7.18-7.06 (m, 3H), 3.68(dd, J1 = 14.7 Hz, J2 
= 6.6 Hz, 1H), 1.98-1.75(m, 2H), 1.00(t, J = 7.5 
Hz, 3H); 13C NMR (75 MHz, CDCl3): 171.67, 
134.98, 134.80, 134.06, 133.58, 132.68, 131.25, 
129.33, 139.26, 129.09, 129.02, 127.83, 126.89, 
126.20, 126.10, 125.50, 125.45, 123.79, 123.69 
71.63, 52.66, 25.46, 12.12; IR (KBr, cm-1): 3058, 
2967, 2932, 1730, 1257, 1224, 1148, 778, 745, 690; 
MS: HR-ESI calculated for C31H26NaO2S+: 
485.1546, found: 485.1552. HPLC: (CHIRALCEL 
OD-H, IPA/hexane 1/200, 1.0 mL/min): 
(S)-enantiomer: 16.6 min; (R)-enantiomer: 
20.8min. 
S
n-Bu
OH
O  
1H NMR (300 MHz, CDCl3): 7.50-7.44 (m, 2H), 
7.34-7.26 (m, 3H), 3.61(dd, J1 = 8.1 Hz, J2 = 6.6 
Hz, 1H), 1.94-1.71(m, 2H), 1.54-1.28(m, 4H), 
0.91(t, J = 7.2 Hz, 3H); 13C NMR (75 MHz, 
CDCl3): 178.64, 133.48, 132.95, 129.27, 128.27, 
51.00, 31.42, 29.51, 22.50, 14.06; IR (KBr, cm-1): 
3059, 2957, 1705, 1439, 1287, 1195, 747, 691; 
MS: HR-ESI calculated for C12H15O2S-: 223.0787; 
found: 223.0788. 
S
n-Bu
O
O
1-Np
1-Np  
1H NMR (300 MHz, CDCl3): 8.44(s, 1H), 
7.98-7.80 (m, 6H), 7.49-7.31 (m, 8H), 7.27-7.22(m, 
2H), 7.17-7.05 (m, 3H), 3.76(dd, J1 = 8.4 Hz, J2 = 
6.6 Hz, 1H), 1.93-1.72(m, 2H), 1.37-1.16(m, 4H), 
0.76(t, J = 7.2 Hz, 3H); 13C NMR (75 MHz, 
CDCl3): 171.81, 134.98, 134.81, 134.08, 133.71, 
132.55, 131.26, 129.34, 129.28, 129.10, 129.04, 
127.81, 126.90, 126.24, 126.21, 126.11, 125.50, 
125.44, 123.81, 123.74, 71.67, 50.99, 31.90, 29.65, 
22.49, 14.00; IR (KBr, cm-1): 3058, 2955, 2928, 
1731, 1251, 1146, 778, 738, 690; MS: HR-ESI 
calculated for C33H30NaO2S+: 513.1859, found: 
513.1866. HPLC: (CHIRALCEL AD-H, 
IPA/hexane 1/100, 1.0 mL/min): (R)-enantiomer: 
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27.9 min; (S)-enantiomer: 32.9min. 
 
S
i-Pr
OH
O  
Known compound.22 
S
i-Pr
O
O
1-Np
1-Np  
1H NMR (300 MHz, CDCl3): 8.47(s, 1H), 
8.02-7.80 (m, 6H), 7.50-7.30 (m, 8H), 7.28-7.22(m, 
2H), 7.14-7.03 (m, 3H), 3.53(d, J = 9.0 Hz, 1H), 
2.18-2.08(m, 1H), 1.10 (d, J = 6.9 Hz, 3H), 0.98(d, 
J = 6.6 Hz, 3H); 13C NMR (75 MHz, CDCl3): 
171.54, 135.06, 134.86, 134.44, 134.06, 132.30, 
131.25, 131.18, 129.27, 129.08, 129.03, 127.60, 
126.93, 126.84, 126.33, 126.10, 125.51, 125.43, 
123.80,.123.76, 71.46, 59.22, 30.67, 22.99, 20.37; 
IR (KBr, cm-1): 3058, 2962, 2931, 1731, 1142, 
791, 777, 731; MS: HR-ESI calculated for 
C32H28NaO2S+: 499.1702, found: 499.1704. 
HPLC: (CHIRALCEL AD-H, IPA/hexane 1/100, 
1.0 mL/min): (R)-enantiomer: 25.5 min; 
(S)-enantiomer: 28.6min. 
5.2.5 Computational details 
 The geometries of all intermediates and transition states were optimized with B3LYP23 under 
SMD solvation model in toluene. A basis set of 6-31G(d) for all atoms were used in geometry 
optimizations. The reported free energies and enthalpies include zero-point energies and thermal 
corrections calculated at 298K by M062X/6-311G++(d,p). All calculations were performed with 
Gaussian 09.24 The 3D structures of molecules were generated using CYLView.25  
A. Conformations of N-acetyl-(R)-BTM and N-acetyl-(S)-HBTM.  
Basic conformational preferences of N-acylated derivatives of catalysts HBTM and BTM in the 
ground state were investigated using the acetyl group (Figure 5.2.5.1). N-Acetyl-BTM cation 
strongly favors conformation 2-10a, wherein the acyl group is positioned in the plane of the 
benzothiazolium moiety with the carbonyl oxygen oriented towards the sulfur atom. The 
shortened S—O distance (2.8 Ǻ) is indicative of nonbonded interactions.1 Due to the inherent 
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flexibility of the tetrahydropyrimidine ring of HBTM, four basic conformations of its N-acylated 
derivatives were considered: with the phenyl group at C2 oriented axially and equatorially and the 
acyl carbonyl oxygen directed towards and away from the sulfur atom (2-11a-d, Figure 5.2.5.2). 
N-acetyl-HBTM cation shows a clear preference for the axial orientation of the phenyl group and 
the proximity between the carbonyl oxygen and the sulfur atom (S—O distance 2.54 Ǻ in 2-11a). 
Figure 5.2.5.1 Comparison of energy difference between the conformers of acyl-HBTM 
cation. 
 
B. Acyl transfer from N-acetyl-(S)-HBTM to diphenylmethanol.  
Only one stable orientation was found for diphenylmethanol approaching N-acetyl-HBTM from 
the top face, while attempts to attach the same alcohol to the bottom face proved unsuccessful. 
The acetate anion used as the counterion facilitating proton transfer from the hydroxyl group was 
found to form an additional hydrogen bond to the hydrogen at C2 of the catalyst. 
Intrinsic reaction coordinate (IRC) calculations on 2-11-TS1 were performed to investigate the 
nature of the acyl substitution transition state. The electronic energy and the Cacyl–O and Cacyl–N 
bond lengths along the IRC are plotted in Figures 5.2.5.4 and 5.2.5.5. The IRC calculations 
indicate that the nucleophilic acyl substitution is a concerted process proceeding via a single 
transition state directly connecting the reactant and product complexes. In the transition sate, in 
which the reaction coordinate is 0.0, the forming C–O bond is significantly longer than the 
cleaving C–N bond, which is indicative of an early TS (Figure 5.2.5.5). After formation of the 
C–O bond (B(C-O) < 1.6 A), the potential energy surface along the reaction coordinate becomes 
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flatter. However, no local minimum corresponding to the putative tetrahedral intermediate or 
transition state was observed in this region 
Figure 5.2.5.2 Relative energies of N-acetyl-HBTM cation conformers. 
 
Figure 5.2.5.3 Acetyl group transfer from N-Acetyl-HBTM+ AcO- to to Ph2CHOH. 
 
Figure 5.2.5.4 Electronic energy along the intrinsic reaction coordinate (IRC) 
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Figure 5.2.5.5 Forming Cacyl–O bond and breaking Cacyl–N bond lengths along the intrinsic 
reaction coordinate (IRC). 
 
C. Conformations of diastereomeric N-(R/S)-2-chloropropionyl-(R)-BTM and 
N-(R/S)-2-chloropropionyl-(S)-HBTM.  
Six basic orientations of the acyl group in each of the diastereomers of 
N-chloropropionyl-BTM and –HBTM cations depicted schematically in Figure 5.2.5.6 were 
subjected to geometry optimization. With both of the catalysts, conformers S1 and R6 were thus 
identified as the global energy minima for the fast- and the slow-reacting diastereomers, 
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respectively. Additionally, conformers represented by structures S3, S6 and R3 produced local 
minima (ΔG values relative to the respective global minima are given in kcal/mol below). The rest 
of the structures converged into those listed above. The optimized structures of 
N-2-chloropropionyl-(S)-HBTM (2-7a and 2-7b) are depicted in Figure 5 of the article; those of 
the corresponding (R)-BTM derivatives (2-8a and 2-8b) are shown in Figure 5.2.5.7 below. 
Figure 5.2.5.6 Basic orientations of the 2-chloropropionyl substituent. 
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Figure 5.2.5.7 Favored conformers of (S)-and (R)-2-chloropropionyl-(R)-BTM cations. 
 
D. Acyl transfer from N-2-(R/S)-chloroacetyl-(R)-BTM and -(S)-HBTM to 
diphenylmethanol.  
In a similar manner to Section 2 above, transition states were constructed from the 
diastereomeric N-2-chloropropionyl-(R)-BTM and -(S)-HBTM cations, The lowest-energy TS 
derived from the fast-reacting diastereomer N-2-(S)-chloroacetyl-(S)-HBTM was obtained from 
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the corresponding cation in conformation S1, which is also the lowest-energy conformer in the 
ground state (see structures 2-7a and 2-7a-TS1 in Figure 2.7.3).  The lowest-energy TS for the 
slow-reacting diastereomer N-2-(R)-chloroacetyl-(S)-HBTM (see 2-7b-TS1 in Figure 2.7.3) 
corresponds to conformation R1, rather than the one favored in the ground state (R6, see 
2-7b-TS1 in Figure 2.7.3). Similar results were obtained in the (R)-BTM series (see Figures 
5.2.5.7 and 2.7.4). 
Transition states derived from conformers S3 and R3 (i.e., constructed according to the 
Cornforth-Evans model, see Figure 5.2.5.8) were higher in energy than the corresponding 
Felkin-Anh structures 7a-TS1 and 7b-TS1 by 7.1 and 0.6 kcal/mol, respectively. In fact, the 
relative energy of 7a-TSCornforth is higher than that of either 7b-TS1 or 7b-TSCornforth , which 
would lead to the prediction of the absolute sense of enantioselectivity 
Figure 5.2.5.8 Acyl transfer from the Cornforth-Evans conformers of (S)-and 
(R)-2-chloropropionyl-(S)-HBTM+ AcO- to Ph2CHOH 
 
E. Variation of the alcohol. 
Diphenylmethanol in 7a-TS1 and 7b-TS1 was transformed into benzyl alcohol in different 
orientations by replacing each of the phenyl groups with a hydrogen atom and re-optimizing the 
geometry. In a similar manner, the transition states with di(1-naphthyl)methanol were constructed 
by appending additional benzene rings to the phenyl groups of diphenylmethanol.  
 134
F. Variation of the polar substituent. 
The chlorine atom in 7a-TS1 and 7b-TS1 was replaced with a methoxy (2-12a and 2-12b), 
methylthio (2-13a and 2-13b), azido (2-14a and 2-14b), phenyl (2-15a and 2-15b) and 
N-phthalimido (2-16a and 12-6b) groups. For groups capable of several orientations (2-12~14), 
all likely conformers were examined. The fully optimized structures for each transition state are 
shown in Figures 9S-13S below. 
Figure 5.2.5.8 Variation of the polar substituent. 
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G. Variation of the alkyl substituent. 
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Transition states 2-9a-TS3 and 2-9b-TS3 were generated from 7a-TS3 and 7b-TS3 by adding 
two methyl groups (see Figures 2.7.7 and 2.7.5 in chapter 2) and re-optimization of geometry. 
5.3 Dynamic kinetic resolution of azlactones catalyzed by amidine-based catalysts. 
5.3.1 General 
All reagents were obtained commercially and used as received unless otherwise specified. 
Solvents used for chromatography were ACS or HPLC grade, as appropriate. Reactions were 
monitored by thin layer chromatography (TLC) and by 1H NMR. EM Science 60F silica gel plates 
were used for TLC analyses. Flash column chromatography was performed over ICN Ecochrom 
silica gel (32-63 mm). HPLC analyses were performed on a Shimadzu LC system using Chiralcel 
OD-H, Chiralpak AD and Chiralpak AD-H analytical chiral stationary phase columns (4.6x250 
mm, Chiral Technologies, Inc.). 1H NMR and 13C NMR spectra were recorded on a Mercury 300 
MHz Varian spectrometer. The chemical shifts are reported as d values (ppm) relative to TMS 
using residual CHCl3 peak (7.26 ppm) as the reference. High- Resolution mass spectral analyses 
were performed at Washington University MS Center on a Kratos MS-50TA spectrometer using 
Electro Spray Ionization (ESI) method. Melting points were measured on a Mel-Temp II capillary 
melting point apparatus. Infrared spectra were recorded on a Perkin-Elmer Spectrum Bx FTIR 
spectrophotometer using potassium bromide plates. 
5.3.2. General DKR procedure using (S)-BTM and di(1-naphthyl)methanol. 
10 mol% (S)-BTM, 
5 mol% BzOH 
1 equiv (1-Np)2CHOH
CDCl3, Na2SO4, rt
N
OPh
R1
O
R1 CO2CH(1-Np)2
NHBz
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To a solution of a freshly prepared azlactone substrate (0.1 mmol) and di(1-naphthyl)-methanol 
(0.1 mmol) in 1 mL of CDCl3 stirring at room temperature was added ca. 50 mg of anhydrous 
Na2SO4 followed by 50 μL of stock solution of (S)-BTM 10 (0.2 M in CDCl3) and 25 μL of 
stock solution of benzoic acid (0.2 M in CDCl3). Reaction progress was monitored by 1H NMR. 
Upon completion of the reaction, the mixture was applied directly to a silica gel column and 
eluted with pure CHCl3 and then CHCl3/EtOAc (20:1). Note: Due to their limited solubility, the 
products often crystallized upon elution from the column or upon the concentration of the 
chromatographic fractions. In those cases, care was taken to dissolve the compounds completely 
in order to avoid possible errors in enantiomeric excess (ee) determination during the subsequent 
HPLC analysis. The results are shown in Table 3.2.2 of the article. 
Table 5.3.2.1 Catalyst and alcohol screening 
N
O
Me
O
Ph
Catalyst-BzOH (1:1)
1 equiv R2OH
CDCl3, rt
CO2R2
NHBz3-8a  
Entry Catalyst (mol %) Time, d R2 % convna % ee 
1 (S)-BTM(5) 2 Me 
92 35.5 
91 33.3 
2 (S)-BTM(5) 2 PhCH2 
95 46.7 
93 48.8 
3 (S)-BTM(5) 2 1-NpCH2 
99 50.1 
96 51.9 
4 (S)-BTM(5) 2 2-NpCH2 
96 47.2 
96 46.5 
5 (S)-BTM(5) 2 Ph2CH 92 74.5 
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89 74.6 
6 (S)-BTM(5) 2 1-Np2CH 
95 85.6 
97 84.0 
7 (S)-BTM(10) 0.4 1-Np2CH 
93 83.2 
91 83.4 
Table 5.3.2.2 Structural variation of azlactone substrates 
10 mol % (S)-BTM, 
5 mol % BzOH 
1 equiv (1-Np)2CHOH
CDCl3, Na2SO4, rt
N
OPh
R1
O
R1 CO2CH(1-Np)2
NHBz
 
entry substrate Time d R1 % yieldb % eeb 
1 3-8a 0.4 Me 
93 83.2 
91 83.4 
2 3-8b 7 Me2CHCH2 
98 80.0 
96 79.5 
3 3-8c 3 MeSCH2CH2 
92 89.9 
92 89.8 
4 3-8d 4 PhCH2 
92 82.8 
95 82.7 
5 3-8e 4 CH2=CHCH2 
86 82.8 
90 82.8 
6 3-8f 4 Me2CH 
<5 ND 
<5 ND 
7 3-8g 2 Ph 88 93.9 
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90 93.5 
8 3-8h 2 p-MeOC6H4 
87 90.9 
87 91.5 
9 3-8i 2 p-ClC6H4 
90 96.1 
86 95.6 
10 3-8j 2 p-BrC6H4 
90 95.0 
90 95.0 
11 3-8k 2 2-naphthyl 
86 91.5 
89 91.5 
12 3-8l 7 1-naphthyl 
42 77.3 
49 73.9 
13 3-8m 2 2,4-(MeO)2C6H3 
0 ND 
0 ND 
5.3.3 One-pot DKR procedure. 
10 mol% (S)-BTM 
5 mol% BzOH 
1 equiv (1-Np)2CHOH
CDCl3, Na2SO4, rt
N
OPh
Ar
O
Ar CO2CH(1-Np)2
NHBz
Ar CO2H
NHBz
DCC 
CDCl3
rt  
A solution of (±)-2-N-benzoylamino-arylacetic acid (0.8 mmol) in 4 mL of dry chloroform 
stirring at rt was treated with solid DCC (0.8 mmol). After 3 h, a solution of 
di(1-napthyl)methanol (227 mg, 0.8 mmol), (S)-BTM (20 mg, 0.08 mmol) and benzoic acid (5 mg, 
0.04 mmol) in 4 mL of dry chloroform was added. After stirring for 2 days, the reaction mixture 
was filtered from the precipitated dicyclohexylurea, applied directly to a silica gel column, and 
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eluted first with CHCl3 and then 5% EtOAc in CHCl3 to afford the final product as a white 
crystalline solid. The results are provided in entries 14-16 in Table 3.2.1. 
5.3.4 Hydrogenolysis of enantioenriched esters 
p-ClC6H4 CO2CH(1-Np)2
NHBz
p-ClC6H4 CO2H
NHBz
H2/Pd-C
 
A solution of ester (56 mg, 96% ee) in 2 mL of THF was stirred with 10 mg of 10% Pd on 
carbon under hydrogen atmosphere at ambient pressure and temperature until the reaction was 
complete (ca. 3 days). The reaction mixture was filtered, concentrated and separated by 
chromatography on silica gel to give 25 mg of acid  (89% yield, 95% ee). 
5.3.5 Absolute configuration of the products. 
(S)-a: R = Me
(S)-b: R = i-Bu
(S)-c: R = MeSCH2CH2
(S)-d: R = PhCH2
(S)-g: R = Ph
(1-Np)2CHOMs
NEt3, CHCl3, rt
1 day
R CO2CH(1-Np)2
NHBz
R CO2H
NHBz
 
Absolute configuration of dinaphthylmethyl esters a-d and g was confirmed by their 
independent synthesis via O-alkylation of the corresponding enantiopure N-benzoyl-α-amino 
acids using the following procedure. A stirring solution of (1-Np)2CHOH (0.1 mmol) in CHCl3 
was treated with MsCl (0.1 mmol) and NEt3 (0.2 mmol) at room temperature for 2h, followed by 
addition of an N-benzoyl--amino acid (0.1 mmol) and additional stirring for 1 day. Flash 
chromatography (hexanes/EtOAc 5:1) afforded 5-10% yields of the products with only minor loss 
of enantiopurity, which was sufficient for NMR and HPLC analysis. In a similar manner, methyl, 
benzyl, and benzhydryl esters of N-Bz-(S)-alanine were prepared using MeI, BnBr and Ph2CHBr, 
respectively. In all other cases, the absolute configuration was assigned by analogy. 
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5.3.6 Characterization data and HPLC properties. 
NHPh
O
O
O
 
HPLC (CHIRALCEL OD-H, IPA/hexane 1/9, 1 
mL/min): (R)-enantiomer: 9.4 min; 
(S)-enantiomer: 12.7 min.  
NHPh
O
O
O Ph
 
HPLC (CHIRALCEL OD-H, IPA/hexane 1/9, 1 
mL/min): (R)-enantiomer: 15.1 min; 
(S)-enantiomer: 17.8 min. 
NHPh
O
O
O
 
1H NMR (300 MHz, CDCl3): 7.87-7.79(m, 
6H), 7.53-7.40(m, 6H), 6.79(d, J = 6.9 Hz, 1H), 
5.43-5.33(m, 2H), 4.91-4.84(m, 1H), 1.55(d, J = 
7.2 Hz, 3H) 13C NMR (75 MHz, CDCl3): 
173.43, 167.16, 134.15, 133.45, 133.39, 
132.93, 132.05, 128.88, 128.83, 128.31, 128.03, 
127.75, 127.33, 126.73, 126.71, 125.95, 67.74, 
48.91, 18.95; IR (KBr, cm-1) 3056, 1742, 1641, 
1533, 1165; MS: HR-ESI calculated for 
C21H19NNaO3+: 356.1257 found: 356.1256 Mp. 
148-150°C. 
HPLC (CHIRALCEL OD-H, IPA/hexane, 1/9 
1mL/min): (R)-enantiomer: 21.2 min; 
(S)-enantiomer: 28.0 min. 
NHPh
O
O
O
 
1H NMR (300 MHz, CDCl3): 8.02-7.99(m, 
1H), 7.89(t, J = 7.5 Hz, 2H), 7.78(d, J = 7.2 Hz, 
2H), 7.57-7.38(m, 7H), 5.74-5.62(m, 2H), 
4.85(m, 1H), 1.49(d, J = 7.2 Hz, 3H);  13C 
NMR (75 MHz, CDCl3): 173.30, 167.09, 
134.17, 134.00, 131.93, 131.81, 131.02, 129.85, 
129.02, 128.79, 127.93, 127.29, 126.96, 125.47, 
123.66, 66.00, 48.96, 18.82; IR (KBr, cm-1) 
3058, 1741, 1642, 1532, 1169; MS: HR-ESI 
calculated for C21H19NNaO3+: 356.1257; found: 
356.1256 Mp. 139-142°C. 
HPLC (CHIRALCEL OD-H, IPA/hexane, 1/4 
1mL/min): (R)-enantiomer: 11.7 min; 
(S)-enantiomer: 14.3 min. 
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NHPh
O
O
O Ph
Ph
 
1H NMR (300 MHz, CDCl3): 7.78 (d, J = 6.9 
Hz, 2H), 7.51(t, J = 6.9 Hz, 1H), 7.42 (t, J = 6.9 
Hz, 2H), 7.36-7.27 (m, 10H), 6.92 (s, 1H), 6.78 
(d, J = 7.2 Hz, 1H), 4.95 (m, 1H), 1.56 (d, J = 6.9 
Hz, 3H) 13C NMR (75 MHz, CDCl3): 172.56, 
167.01, 139.83, 139.62, 134.18, 131.95, 128.87, 
128.85, 128.81, 128.42, 127.29, 127.25, 127.20, 
78.51, 48.89, 18.89; IR (KBr, cm-1) 3053, 1742, 
1641, 1533, 1164, 696; MS: HR-ESI calculated 
for C23H21NNaO3+ : 382.1414, found: 
382.1415; Mp. 128-131 °C. 
HPLC (CHIRALCEL OD-H, IPA/hexane, 1/9 
1mL/min): (R)-enantiomer: 13.3 min; 
(S)-enantiomer: 15.1 min. 
NHPh
O
O
O
 
1H NMR (300 MHz, CDCl3): 8.46 (s,1H), 
8.01-7.87 (m, 6H), 7.76-7.73 (m, 2H), 7.55-7.34 
(m, 11H), 6.78 (d, J = 6.9 Hz, 1H), 4.96 (m, 1H), 
1.54 (d, J = 7.2 Hz, 3H); 13C NMR (75 MHz, 
CDCl3): 172.75, 167.01, 134.46, 134.18, 
134.14, 134.09, 131.93, 131.26, 131.15, 129.62, 
129.56, 129.24, 129.19, 128.79, 127.23, 127.10, 
127.03, 126.32, 126.23, 126.19, 126.10, 125.55, 
125.50, 123.51, 123.41, 72.79, 49.09, 18.95; IR 
(KBr, cm-1) 3060, 1737, 1635, 1529, 1165, 781; 
MS: HR-ESI calculated for C31H25NNaO3+ : 
482.1727, found: 482.1729; Mp. 210-211 °C. 
HPLC (CHIRALCEL OD-H, IPA/hexane 1/10, 1 
mL/min): (R)-enantiomer: 15.5 min; 
(S)-enantiomer: 20.6 min. 
NHPh
O
O
O
 
1H NMR (300 MHz, CDCl3): 8.46 (s,1H), 8.04 
(d, J = 6.6 Hz, 1H), 7.92-7.85 (m, 5H), 7.65 (d, J 
= 7.2 Hz, 2H), 7.52-7.32 (m, 11H), 6.51 (d, J = 
8.4 Hz, 1H), 5.06-4.98 (m, 1H), 1.80-1.62 (m, 
3H), 0.91-0.85 (m, 6H); 13C NMR (75 MHz, 
CDCl3): 172.48, 167.30, 134.57, 134.37, 
134.26, 134.13, 134.08, 131.89, 131.30, 131.12, 
129.56, 129.43, 129.18, 129.13, 128.78, 127.24, 
127.00, 126.59, 126.18, 126.15, 125.95, 125.54, 
125.48, 123.62, 123.51, 72.55, 51.87, 41.96, 
25.23, 23.04, 22.22; IR (KBr, cm-1) 3059, 2957, 
1741, 1642, 1530, 1158, 777; MS: HR-ESI 
calculated for C34H31NNaO3+ : 524.2196, found: 
524.2198; Mp. 224-225 °C. 
 143
HPLC (CHIRALCEL OD-H, IPA/hexane 1/9, 
1.0 mL/min): (R)-enantiomer: 8.2 min; 
(S)-enantiomer: 9.5 min. 
NHPh
O
O
O
S
 
1H NMR (300 MHz, CDCl3): 8.49 (s,1H), 
8.09-8.06 (m, 1H), 7.94-7.86 (m, 5H), 7.74 (d, J 
= 7.5 Hz, 2H), 7.55-7.34 (m, 11H), 6.94 (d, J = 
7.8 Hz, 1H), 5.08 (m, 1H), 2.50-2.25(m, 3H), 
2.16-2.07 (m, 1H), 1.59 (s, 3H); 13C NMR (75 
MHz, CDCl3): 171.55, 167.27, 134.41, 134.15, 
133.96, 132.05, 131.23, 129.73, 129.54, 129.31, 
129.19, 128.84, 127.28, 127.15, 127.07, 126.65, 
126.29, 126.19, 125.90, 125.53, 123.50, 123.30, 
72.82, 52.77, 32.01, 30.07, 15.52; IR (KBr, cm-1) 
3058, 1739, 1644, 1526, 1162, 778; MS: HR-ESI 
calculated for C33H29NNaO3S+ : 542.1760, found: 
542.1761; Mp. 168-170 °C. 
HPLC (CHIRALCEL OD-H, IPA/hexane 1/9, 1 
mL/min): (R)-enantiomer: 16.9min; 
(S)-enantiomer: 20.2 min.  
NHPh
O
O
OPh
 
1H NMR (300 MHz, CDCl3): 8.55 (s,1H), 
8.24-8.20 (m, 1H), 7.99-7.87 (m, 5H), 7.66-7.37 
(m, 13H), 7.15 (t, J = 7.2Hz, 1H), 7.03 (t, J = 
7.2Hz, 2H), 6.87 (d, J = 7.5 Hz, 2H), 6.55 (d, J = 
7.5 Hz, 1H), 5.29 (m, 1H), 3.32 (dd, J = 14.1, 6.0 
Hz, 1H), 3.21 (dd, J = 14.1, 5.1 Hz, 1H); 13C 
NMR (75 MHz, CDCl3): 171.21, 167.13, 
135.68, 134.56, 134.20, 134.09, 131.96, 131.31, 
130.93, 129.73, 129.68, 129.40, 129.31, 129.15, 
128.82, 128.66, 127.21, 127.08, 127.00, 126.27, 
126.13, 125.65, 125.55, 123.57, 72.52, 53.90, 
37.76; IR (KBr, cm-1) 3059,1738, 1649, 1510, 
1176, 778; MS: HR-ESI calculated for 
C37H29NNaO3+: 558.2040, found: 558.2044; Mp. 
170-173 °C. 
HPLC (CHIRALCEL AD-H, IPA/hexane 1/9, 1 
mL/min): (R)-enantiomer: 40.5 min; 
(S)-enantiomer: 47.1 min. 
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NHPh
O
O
O
 
1H NMR (300 MHz, CDCl3): 8.49 (s,1H), 
8.08-8.05 (m, 1H), 7.93-7.86 (m, 5H), 7.73 (d, J 
= 7.5Hz, 2H), 7.55-7.38 (m, 11H), 6.69 (d, J = 
7.5 Hz, 1H), 5.70-5.58 (m, 1H), 5.09-4.97 (m, 
3H), 2.80-2.58 (m, 2H); 13C NMR (75 MHz, 
CDCl3): 171.42, 167.17, 134.46, 134.27, 
134.19, 134.13, 134.09, 132.08, 131.97, 131.26, 
131.08, 129.67, 129.52, 129.24, 129.18, 128.82, 
127.24, 127.07, 127.04, 126.63, 126.24, 126.19, 
125.96, 125.53, 125.51, 123.55, 123.50, 119.91, 
72.74, 52.38, 36.62; IR (KBr, cm-1) 3060, 1740, 
1644, 1511, 1487, 1184, 778; MS: HR-ESI 
calculated for C33H27NNaO3+: 508.1883, found: 
508.1889; Mp. 175-177 °C. 
HPLC (CHIRALCEL AD-H, IPA/hexane 1/9, 1 
mL/min): (R)-enantiomer: 19.3min; 
(S)-enantiomer: 31.0 min. 
NHPh
O
O
O
 
1H NMR (300 MHz, CDCl3): 8.43 (s,1H), 8.10 
(d, J = 5.7 Hz, 1H), 7.95-7.77 (m, 6H), 7.65-7.13 
(m, 17H), 6.83 (d, J = 7.2 Hz, 1H), 5.89 (d, J = 
6.6 Hz, 1H); 13C NMR (75 MHz, CDCl3): 
170.50, 166.71, 136.44, 134.10, 134.02, 
133.88, 132.06, 131.34, 130.93, 129.75, 129.18, 
128.94, 128.88, 128.81, 127.91, 127.37, 127.32, 
126.87, 126.71, 126.28, 125.96, 125.50, 125.28, 
123.41, 73.08, 57.39. IR (KBr, cm-1) 3059, 1740, 
1653, 1510, 1482, 1166, 793, 777; MS: HR-ESI 
calculated for C36H27NNaO3+: 544.1883, found: 
544.1886; Mp. 209-211 °C. 
HPLC (CHIRALCEL AD, IPA/hexane 1/10, 1 
mL/min): (S)-enantiomer: 28.4 min; 
(R)-enantiomer: 43.6 min.  
NHPh
O
O
O
O
1H NMR (300 MHz, CDCl3): 8.40 (s,1H), 
8.09-8.06 (m, 1H), 7.95-7.92 (m, 1H), 7.88-7.83 
(m, 2H), 7.80-7.78 (m, 3H), 7.64-7.17 (m, 14H), 
6.90 (d, J = 7.2Hz, 1H), 6.82-6.79 (m, 2H), 5.82 
(d, J = 6.9Hz, 1H), 3.81 (s, 3H); 13C NMR (75 
MHz, CDCl3): 170.71, 166.69, 160.08, 134.08, 
133.95, 133.90, 132.02, 131.39, 130.97, 129.71, 
129.20, 129.13, 128.92, 128.79, 128.53, 127.36, 
127.28, 126.81, 126.67, 126.26, 125.91, 125.65, 
125.48, 125.28, 123.47, 114.53, 73.08, 56.81, 
55.60; IR (KBr, cm-1) 3052, 1740, 1651, 1511, 
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1250, 1177, 778; MS: HR-ESI calculated for 
C37H29NNaO4+: 574.1989, found: 574.1991; Mp. 
170-173 °C. 
HPLC (CHIRALCEL AD, IPA/hexane 1/4, 1 
mL/min): (S)-enantiomer: 17.6 min; 
(R)-enantiomer: 30.4 min. 
NHPh
O
O
O
Cl
 
1H NMR (300 MHz, CDCl3): 8.40 (s,1H), 
8.05-8.02 (m, 1H), 7.96-7.78 (m, 6H), 7.61-7.19 
(m, 16H), 6.87 (d, J = 7.2 Hz, 1H), 5.84 (d, J = 
6.6 Hz, 1H); 13C NMR (75 MHz, CDCl3): 
170.19, 166.66, 135.11, 134.81, 134.10, 
133.93, 133.79, 133.74, 133.62, 132.22, 131.29, 
130.92, 129.83, 129.47, 129.25, 129.16, 129.02, 
128.87, 127.36, 127.31, 126.76, 126.72, 126.31, 
126.06, 125.76, 125.50, 125.23, 123.34, 123.24, 
73.63, 56.78. IR (KBr, cm-1) 3050, 1737, 1651, 
1487, 1166,776; MS: HR-ESI calculated for 
C36H26ClNNaO3+: 578.1493, found: 578.1495; 
Mp. 218-220 °C. 
HPLC (CHIRALCEL AD, IPA/hexane 15/85, 1 
mL/min): (S)-enantiomer: 21.1 min; 
(R)-enantiomer: 29.8 min.  
NHPh
O
O
O
Br
 
1H NMR (300 MHz, CDCl3): 8.57 (s,1H), 
8.21-7.95 (m, 7H), 7.77-7.38 (m, 16H), 7.03 (d, J 
= 7.8 Hz, 1H), 5.99 (d, J = 6.3 Hz, 1H); 13C 
NMR (75 MHz, CDCl3): 170.31, 166.85, 
135.84, 134.30, 134.12, 133.96, 133.91, 133.80, 
132.39, 131.48, 131.11, 130.02, 129.65, 129.47, 
129.21, 129.07, 127.56, 127.50, 126.97, 126.91, 
126.51, 126.27, 125.98, 125.43, 123.53, 123.42, 
123.17, 73.87, 57.04. IR (KBr, cm-1) 3052,1734, 
1650, 1485, 1166, 776; MS: HR-ESI calculated 
for C36H26BrNNaO3+: 622.0988, found: 
622.0993; Mp. 198-201 °C. 
HPLC (CHIRALCEL AD, IPA/hexane 1/4, 1 
mL/min): (S)-enantiomer: 16.7 min; 
(R)-enantiomer: 25.4 min. 
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NHPh
O
O
O
1H NMR (300 MHz, CDCl3): 8.45 (s,1H), 
8.12-8.07 (m, 1H), 7.96-7.22 (m, 23H), 7.02 (t, J 
= 7.2Hz, 1H), 6.93 (t, J = 7.5 Hz, 1H), 6.81 (d, J 
= 6.9 Hz, 1H), 6.07 (d, J = 6.9Hz, 1H);  13C 
NMR (75 MHz, CDCl3): 170.56, 166.79, 
134.11, 133.96, 133.92, 133.84, 133.79, 133.57, 
133.51, 132.11, 131.40, 130.90, 129.76, 129.23, 
129.09, 128.84, 128.38, 127.90, 127.41, 127.33, 
127.27, 126.85, 126.73, 126.64, 126.59, 126.29, 
125.89, 125.71, 125.50, 125.40, 125.17, 123.44, 
123.31, 73.35, 57.49; IR (KBr, cm-1) 3056, 1741, 
1657, 1509, 1482, 1162, 777; MS: HR-ESI 
calculated for C40H29NNaO3+: 594.2040, found: 
594.2042; Mp. 195-197 °C. 
HPLC (CHIRALCEL AD, IPA/hexane 1/4, 1.2 
mL/min): (S)-enantiomer: 11.6 min; 
(R)-enantiomer: 26.6 min.  
NHPh
O
O
O
 
1H NMR (300 MHz, CDCl3): 8.49 (s,1H), 
8.18-8.13 (m, 2H), 7.94-7.27 (m, 20H), 7.20-7.10 
(m, 3H), 7.03 (t, J = 7.8 Hz, 1H), 6,79 (d, J = 6.9 
Hz, 1H), 6.64 (d, J = 7.5 Hz, 1H). 13C NMR (75 
MHz, CDCl3): 171.05, 167.02, 134.35, 134.09, 
133.99, 133.82, 132.11, 132.06, 131.42, 131.37, 
130.87, 129.78, 129.67, 129.15, 129.06, 128.85, 
128.79, 127.42, 127.31, 127.24, 126.87, 126.68, 
126.56, 126.35, 126.25, 125.88, 125.78, 125.42, 
125.36, 125.12, 123.63, 123.55, 73.12, 54.62. IR 
(KBr, cm-1) 3054, 1744, 1653, 1510, 1481, 1188, 
777; MS: HR-ESI calculated for C40H29NNaO3+: 
594.2040, found: 594.2042; Mp. 200-202 °C. 
HPLC (CHIRALCEL AD, IPA/hexane 1/4, 0.8 
mL/min): (S)-enantiomer: 16.3 min; 
(R)-enantiomer: 25.7 min. 
NHPh
O
O
O
F
 
1H NMR (300 MHz, CDCl3): 8.42(s, 1H), 
8.07-7.78(m, 7H), 7.64-7.19(m, 13H), 
6.98-6.87(m, 3H), 5.85(d, J = 6.6 Hz, 1H);  13C 
NMR (75 MHz, CDCl3): 170.37, 166.66, 
134,12, 133.95, 133.90, 133.48, 133.73, 132.42, 
132.18, 131.33, 130.95, 129.81, 129.68, 129.56, 
129.41, 129.27, 129.02, 128.86, 127.36, 126.74, 
126.31, 126.05, 125.68, 125.50, 125.24, 123.36, 
116.17, 115.88, 73.43, 59.67; IR (KBr, cm-1) 
3055, 1729, 1637, 1509, 1172, 783; MS: HR-ESI 
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calculated for C36H26FNNaO3+: 562.1789; found: 
562.1788; Mp. 202-204°C. 
HPLC (CHIRALCEL OD-H, IPA/hexane, 1/9 
1mL/min): (R)-enantiomer: 16.6 min; 
(S)-enantiomer: 23.0 min. 
5.3.7 Computational details 
 The geometries of all intermediates and transition states were optimized with M062X under 
SMD salvation model in chloroform. A basis set of 6-31G(d) for all atoms were used in geometry 
optimizations. The reported free energies and enthalpies include zero-point energies and thermal 
corrections calculated at 298K by M062X/6-31G(d). All calculations were performed with 
Gaussian 09. The 3D structures of molecules were generated using CYLView. 
A. Conformational analysis of N-(S/R)-(2-benzamido)-propionyl-(S)-BTM cations.  
Conformational search of the title cations (intermediates derived from (S)- and (R)-enantiomers 
of 4-methyl-2-phenylazlactone during DKR) was performed using MacroModel. The mixed 
torsional/low-mode sampling with the OPLS_2005 field and chloroform solvent were employed 
in the conformational search. Conformers with energies within 10 kcal/mol of the most stable 
conformer were optimized at higher level using M06-2X/6-31G(d) in Gaussian 09 to locate the 
global minima for the diastereomers. The lowest-energy conformers of the fast-reacting 
diastereomer 3-8a- (S,S)-3 and of the slow-reacting one 3-8a-(S,R)-3 are shown in Figure S1. The 
former was found to be 2.3 kcal/mol more stable than the latter. Conformers 3-8a-(S,S)-3' and 
3-8a-(S,R)-3' resembling the cation conformations in the respective transition states 3-8a-TS-1 
and 3-8a-TS-2 (see chapter 3) are also shown for comparison. Conformational analysis of the 
N-acylated BTM cations indicated the absence of an intramolecular hydrogen bond between the 
benzamide hydrogen and the acyl carbonyl oxygen in the most stable conformers of 3-8a-(S,S)-3 
and 3-8a-(S,R)-3. Although in conformer 3-8a-(S,S)-3', a weak N–H···O bond is observed with the 
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O–H distance comparable to that in the transition state 3-8a-TS-1, the higher energy of (S,S)-3' 
relative to that of the global minimum 3-8a-(S,S)-3 argues against any significant stabilization of 
such hydrogen bonding. 
 
Figure 5.3.6.1 Ground state and reactive conformers of N-(S/R)-(2-benzamido)- 
propionyl-(S)-BTM cations. 
 
B. Geometry optimization of transition state structures for acyl transfer from 
N-(R/S)-(2-benzamido)-propionyl-(S)-BTM acetates to diphenylmethanol (TS-1 and TS-2). 
Transition states 3-8a-TS-1 and 3-8a-TS-2 were constructed from cations 3-8a- (S,S)-3 and 
3-8a-(S,R)-3, respectively, acetate counterion and diphenylmethanol. Initial geometry 
optimization using B3LYP/6-31G(d) and the SMD solvation model in chloroform produced 
structures 3-8a-TS-1B3LYP and 3-8a-TS-2B3LYP shown in Figure 5.3.6.2. Several computational 
methods were used for single-point comparison of their free energies. Whereas B3LYP/6-31G(d) 
found no significance difference between the two, M06-2X/6-311+G(d,p) and B3LYP-D3 single 
point calculations with the B3LYP geometries were more consistent with the experimental data. 
Even better agreement was obtained when M06-2X/6-31G(d) was employed to optimize the 
geometries.  Noticeable differences were observed between B3LYP-and M06-2X-optimized 
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structures. Relative to M06-2X, B3LYP predicted longer forming O–C distances in both 
3-8a-TS-1 and 3-8a-TS-2, indicating an earlier transition state, and longer distances between the 
phenyl group on the alcohol and the benzothiazolium cation. The latter difference is not surprising 
since B3LYP tends to underestimate stabilization effects of cation- and - interactions. 
 
Figure 5.3.6.2 Transition states of BTM catalyzed DKR of 4-phenylazlactone by 
diphenylcarbinol. 
 
C. Acyl transfer from N-(R/S)-(2-acetamido)-propionyl-(S)-BTM acetates. 
Structures of both TS-1 and TS-2 optimized by M06-2X/6-31G(d) (see chapter 3) show 
evidence of attractive dispersion interactions involving the phenyl group of the benzamide moiety. 
In order to evaluate their net effect on the relative energies of these transition states, the benzoyl 
group in TS-1 and TS-2 was replaced with acetyl. The resulting structures were re-optimized 
using M06-2X/6-31G(d) under SMD solvation model in chloroform (see TS-1Ac and TS-2Ac in 
Figure 5.3.6.3). Single-point calculations using M06-2X/6-311+G(d,p) indicated TS-1Ac is 1.4 
kcal/mol more stable than TS-2Ac in terms of free energies. This energy difference is similar to the 
difference between TS-1 and TS-2. These results suggests that the attractive interactions 
involving the phenyl group of the benzamide moiety in 3-8a-TS-1 and 3-8a-TS-2 cancel each 
other out and thus do not contribute much to the difference in energy between the two competing 
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transition states. 3-8a-TS-1Ac is also stabilized by the electrostatic attraction between the acetate 
anion hydrogen-bound to the alcohol and the acetamide carbonyl. 
 
Figure 5.3.6.3 Transition states of BTM catalyzed DKR of 4-phenylazlactone by 
diphenylcarbinol. 
D. Acyl transfer from N-(R/S)-(2-benzamido)-phenylacetyl-(S)-BTM acetates.  
The -methyl groups in 3-8a-TS-1 and 3-8a-TS-2 were replaced with phenyl. The resulting 
structures 3-8a-TS-3 and 3-8a-TS-4 (for the DKR of 2,4-diphenylazlactone) were re-optimized 
using M06-2X/6-31G(d) under SMD solvation model in chloroform and their energies compared 
by single-point calculations using M06-2X/6-311+G(d,p). The results are shown in chapter 3. 
5.4 Catalytic, enantioselective N-acylation using amidine-based catalysts 
5.4.1 General 
All reagents were obtained commercially and used as received unless otherwise specified. 
Solvents used for chromatography were ACS or HPLC grade, as appropriate. Reactions were 
monitored by thin layer chromatography (TLC) and by 1H NMR. EM Science 60F silica gel 
plates were used for TLC analyses. Flash column chromatography was performed over ICN 
Ecochrom silica gel (32-63 mm). HPLC analyses were performed on a Shimadzu LC system 
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using Chiralcel OD-H, Chiralpak AD and Chiralpak AD-H analytical chiral stationary phase 
columns (4.6x250 mm, Chiral Technologies, Inc.). 1H NMR and 13C NMR spectra were recorded 
on a Mercury 300 MHz Varian spectrometer. The chemical shifts are reported as d values (ppm) 
relative to TMS using residual CHCl3 peak (7.26 ppm) as the reference. High- Resolution mass 
spectral analyses were performed at Washington University MS Center on a Kratos MS-50TA 
spectrometer using Electro Spray Ionization (ESI) method. Melting points were measured on a 
Mel-Temp II capillary melting point apparatus. Infrared spectra were recorded on a Perkin-Elmer 
Spectrum Bx FTIR spectrophotometer using potassium bromide plates. 
5.4.2. Kinetic resolution experiment. 
a. General procedure for kinetic resolution with Cl-PIQ 
The stock solution of the catalyst was prepared by dissolving (R)-Cl-PIQ (11.2 mg, 0.040 mmol) 
of and i-Pr2NEt (0.13 mL, 0.75 mmol) of in CDCl3 in a 5.00 mL volumetric flask and bringing the 
volume to the mark. Two One-dram vials, each charged with a racemic substrate (0.10 mmol), 
0.50 mL of the stock catalyst solution, were cooled in an ice bath. 0.075 mmol of isobutyric 
anhydrides was added to each of the vials. The reactions were monitored by withdrawing aliquots 
and checking them by 1H NMR. The reactions were stopped by quenching with methanol after 
reaching 40-50% conversion. The workup and HPLC analysis followed the standard procedure. 
b. General procedure for kinetic resolution with BTM 
The stock solution of the catalyst was prepared by dissolving (R)-BTM (20 mg, 0.080 mmol) 
and i-Pr2NEt (0.26 mL, 1.50 mmol) in CHCl3 in a 10.0 mL volumetric flask and bringing the 
volume to the mark. Two one-dram vials were each charged with 0.10 mmol of a racemic 
substrate and 0.50 mL of the stock solution of the catalyst. Sodium sulfate (100 mg) was added 
after the substrate was dissolved. The mixture was magnetically stirred at r.t. and treated with 
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isobutyric anhydride (12.4 mL, 0.075 mmol). of was added, the reaction was stirred under room 
temperature. The reaction was monitored by 1H NMR and was quenched by adding 0.5 mL of 
methanol. The resulting solution was concentrated and subjected to flash chromatography. The 
unreacted substrate and the N-acylated derivative thus separated were analyzed by chiral 
stationary phase HPLC as described above. 
Table 5.4.1 Additional substrate for KR of oxazolidinones 
entry substrate time # 
eePR  
% 
eeSM  
% 
CHPLC  
% 
s 
CAVG 
% 
sAVG 
1c O
HN
O
 
24 
1 90.7 73.4 44.7 45.0 
  
2 90.9 72.2   
2a O
HN
O
 
24 
1 95.6 72.8 43.3 96.0 
43 93 
2 95.2 73.3 43.5 88.9 
3b O
HN
O
Ph  
1.5h 
1 93.1 71.2 43.6 60.3 
45 58 
2 91.3 81.5 47.2 55.4 
4b 
O
O O
HN
O
Ph
 
2h 
1 91.0 98.1 51.9 98.0 
52 95 
2 91.2 97.0 51.5 91.4 
5a,b O
HN
O
Me
Me  
24h 1 - - - - 0 ND 
6a,d O
H
N OH
H  
30h 
1 91.4 51.8 37.2 36.17 
36 36 
2 91.3 49.1 35.0 35.7 
 [a] Cl-PIQ was used as the catalyst in t- amyl alcohol [b] BTM was used as the catalyst in chloroform [c] HBTM was used as the 
catalyst in t-amyl alcohol [d] 0.1M substrate was used because of the solubility issue 
Table 5.4.2 KR of related lactams 
entry substrate time # 
eePR  
% 
eeSM  
% 
CHPLC  
% 
s 
CAVG 
% 
sAVG 
1a,b 
HN
O
 
24 1 - - - - 0 ND 
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2a,b NBn
HN
O
 
24 1 - - - - 0 ND 
3a 
O
BnO
HN
O
 
72h 
1 96.3 82.8 46.2 138.0 
46 131 
2 96.1 80.4 45.6 123.5 
4b 24h 1 - - - - 0 ND 
5 b O
HN
O
 
0.25h 
1 96.5 68.4 41.5 116.8 
41 112 
2 96.5 63.5 39.7 108.2 
6 b S
HN
O
 
0.67h 
1 98.1 83.9 46.1 275.2 
47 294 
2 98.0 90.5 48.0 312.3 
7 b,d N
HN
O
CO2Bn  
1h 
1 97.3 73.6 43.1 162.0 
42 151 
2 97.1 68.4 41.3 140.7 
8 a,b OHN
O
 
24 1 - - - - 0 ND 
9 a,b 
Me
HHN
O
 
24 1 - - - - 0 ND 
[a]Cl-PIQ was used as the catalyst in t- amyl alcohol [b] BTM was used as the catalyst in chloroform [c] HBTM was used as the 
catalyst in t-amyl alcohol [d] 0.1M substrate was used because of the solubility issue 
Table 5.4.3. Optimization study for KR of -lactam. 
10 mol% Catalyst
 (i-PrCO)2,O i-Pr2NEtNH
O
Ph
NCOPr-i
O
Ph
NH
O
Ph
+
 
entry catalyst solvent temp, °C time, h eePR % eeSM % CHPLC % s 
1 BTM CDCl3 23 24 ND ND 0a ND 
2 HBTM CDCl3 23 48 ND ND ~10a ND 
3 Cl-PIQ CDCl3 23 24 75.2 36.4 33 10 
4b Cl-PIQ CDCl3 23 4.0 1.88 0 35a 1.0 
5c Cl-PIQ CDCl3 23 10 22.6 12.2 35 1.8 
6 Cl-PIQ CD2Cl2 23 24 64.7 17.4 21 5.5 
7 Cl-PIQ THF 23 24 68.9 19.7 22 6.6 
8d Cl-PIQ EtMe2COH 23 10 78.4 65.3 45 16 
9d Cl-PIQ EtMe2COH 0 24 80.8 73.1 47 20 
10e Cl-PIQ EtMe2COH 0 48 85.6 42.7 33 19 
11f Cl-PIQ EtMe2COH 0 24 86.2 46.3 35 21 
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12d Cl-PIQ HC≡CMe2COH 23 10 80.3 55.9 41 16 
General conditions: 0.1 M (±)-Substrate, 0.1 M (i-PrCO)2O, 0.1 M i-Pr2NEt, 0.01 M (10 mol%) catalyst, unless specified otherwise. 
[a] Conversion was determined by 1H NMR. [b] (MeCO)2O was used instead of (i-PrCO)2O. [c] (EtCO)2O was used instead of 
(i-PrCO)2O. [d] (±)-Substrate and 0.05 M (10 mol%) Cl-PIQ was used. [e] (±)-Substrate and 0.025 M (5 mol%) Cl-PIQ were used. [f] 
(±)-Substrate, 0.05 M (i-PrCO)2O, 0.05 M i-Pr2NEt, and 0.05 M (10 mol%) Cl-PIQ, were used. 
Table 5.4.4. Substrate scope study for KR of -lactams 
 
entry substrate time # 
eePR  
% 
eeSM  
% 
CHPLC  
% 
s 
CAVG 
% 
sAVG 
1 N
H
O
 
24 
1 84.1 62.0 42.4 21.8 
43 22 
2 83.5 63.4 43.1 21.3 
2 N
H
OCl
 
30 
1 78.5 94.6 54.6 29.7 
54 30 
2 80.4 93.2 53.6 31.2 
3 N
H
OMeO
 30 
1 89.8 69.0 43.4 38.5 
42 38 
2 90.1 63.1 41.2 36.8 
4 
N
H
O
Cl
 
30 
1 46.0 8.62 15.8 2.94 
14 3.1 
2 50.0 7.28 12.7 3.22 
5b 
N
H
O
 
72 
1 83.1 54.2 39.6 18.5 
41 19 
2 82.8 59.9 42.0 19.4 
6 
N
H
O
 
30 
1 85.9 97.3 53.1 56.0 
53 54 
2 84.7 97.5 53.5 52.3 
7 N
H
O
S  
30 
1 65.3 94.7 59.2 16.7 
59 17 
2 65.0 94.9 59.4 16.6 
8b 
N
H
O
n-Bu
 
72 
1 81.2 47.2 36.8 15.3 
38 16 
2 82.2 51.7 38.6 17.0 
9b,d 
N
H
O
MeMe
 
72 
1 79.6 25.6 24.3 11.3 
26 13 
2 82.4 31.2 27.5 14.1 
10 NH
OH
H  
30 
1 78.8 54.4 40.9 14.4 
42 14 
2 77.5 57.9 42.8 14.1 
11c NH
OH
H  
24 
1 ND ND 0d ND 
0d ND 
2 
ND ND 0d ND 
General conditions: 0.05 M racemic substrate, 0.1 M (i-PrCO)2O, 0.1 M i-Pr2NEt, 0.01 M (10 mol%) (S)-Cl-PIQ, tert-amyl alcohol, 
0 °C, unless specified otherwise. The data reported are averages of duplicate runs. [a] Absolute configuration of the fast reacting 
enantiomer is shown. [b] 0.2 M (4 equiv) of (i-PrCO)2O and i-Pr2NEt were used. [c] reaction performed in CDCl3 at rt. [d] 
determined by 1H NMR.d Absolute stereochemistry notation is inverted in this case according to CIP nomenclature rules. 
Table 5.4.5. KR of thiolactams. 
entry substrate time # eePR  eeSM  CHPLC  s CAVG sAVG 
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% % % % 
1b O
HN
S
 
1 h 
1 93.0 89.8 49.1 84.7 
49 82 
2 92.4 91.0 49.6 80.1 
2 b 
HN
S
 
4 h 
1 96.7 74.0 43.3 139.9 
44 140 
2 96.7 77.0 44.3 141.2 
3aa OHN
S
 
24 h 1 ND 0.5 - - 14d ND 
4a 
Me
HHN
S
 
3 d 1 - - - - <10d ND 
5b 
Cl
HN
S
 
0.25 h 
1 1.0 6.2 86.6 1.1 
75d 1 
2 1.1 4.3   
[a]Cl-PIQ was used as the catalyst in t-amyl alcohol [b] BTM was used as the catalyst in chloroform [c] HBTM was used as the 
catalyst in t-amyl alcohol 
5.4.3. Characterization data and HPLC properties.  
O
NH
S
Ph  
HPLC (CHIRALCEL OD-H, IPA/hexane 1/10, 0.8 
mL/min): (Major recovered)-enantiomer: 27.0 min; 
(Minor)-enantiomer: 48.4 min.(BTM-R) 
O
N
S
Ph
O
 
1H NMR (300 MHz, CDCl3): 7.41-7.25(m, 5H), 5.69 
(dd, J1 = 9.0 Hz, J2 = 3.9 Hz, 1H), 4.78(t, J = 9.0 Hz, 
1H), 4.66-4.57(m, 1H), 4.41(dd, J1 = 9.0 Hz, J2 = 3.9 Hz, 
1H), 1.17(d, J = 6.9Hz, 3H), 1.12(d, J = 6.9Hz, 3H); 13C 
NMR (75 MHz, CDCl3): 185.5, 178.3, 138.9, 129.4, 
129.1, 126.2, 73.9, 62.6, 33.1, 19.3, 18.8; IR (KBr, cm-1) 
3036, 2966, 1708, 1341, 1198, 1065, 700; MS: HR-ESI 
calculated for [M+H]+ C13H15NO2S+: 250.0897; found: 
250.0896. 
HPLC (CHIRALCEL OD-H, IPA/hexane 1/20, 1 
mL/min): (Minor)-enatiomer:16.6 min; 
(Major)-enatiomer: 23.1 min. (BTM-R) 
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S
N
S
Ph
O
 
1H NMR (300 MHz, CDCl3): 7.57 (d, J = 7.5 Hz, 
5H), 7.36- 7.23 (m, 3H), 5.94 (d, J = 6.9 Hz, 1H), 
5.29-5.24 (m, 1H), 3.79-3.70 (m, 1H), 3.37 (d, J = 
6.6Hz, 2H), 1.21 (d, J = 6.6 Hz, 3H), 1.17 (d, J = 
6.9Hz, 3H); 13C NMR (75 MHz, CDCl3): 178.3, 
152.8, 137.7, 139.6, 130.0, 128.4, 127.2, 125.4, 78.2, 
63.4, 38.2, 32.6, 19.4, 18.9; IR (KBr, cm-1) 2975, 
1777, 1698, 1361, 1245, 1191, 988, 757; MS: HR-ESI 
calculated for [M+H]+ C14H15NO3+: 246.1125; found: 
246.1125.  
HPLC (OD-H, IPA/hexane 1/20): 12.6 min (major), 
13.9 min (minor). (BTM-R) 
N
H
O
O  
HPLC (CHIRALCEL OD-H, IPA/hexane 1/20, 1 
mL/min): (minor)-enantiomer: 45.2 min; (major 
recovered)-enantiomer: 53.2 min.(Cl-PIQ-R) 
N
O
O
O  
1H NMR (300 MHz, CDCl3): 7.57(d, J = 7.5 Hz, 5H), 
7.36- 7.23(m, 3H), 5.94(d, J = 6.9 Hz, 1H), 5.29-5.24(m, 
1H), 3.79-3.70(m, 1H), 3.37(d, J = 6.6Hz, 2H), 1.21(d, J 
= 6.6 Hz, 3H), 1.17(d, J = 6.9Hz, 3H); 13C NMR (75 
MHz, CDCl3): 178.3, 152.8, 137.7, 139.6, 130.0, 128.4, 
127.2, 125.4, 78.2, 63.4, 38.2, 32.6, 19.4, 18.9; IR (KBr, 
cm-1) 2975, 1777, 1698, 1361, 1245, 1191, 988, 757; MS: 
HR-ESI calculated for [M+H]+ C14H15NO3+: 
246.1125; found: 246.1125. 
HPLC (CHIRALCEL OD-H, IPA/hexane 1/20, 1 
mL/min): (major)-enantiomer: 12.6 min; 
(minor)-enantiomer: 13.9 min.(Cl-PIQ-R) 
O
NH
O
Ph  
HPLC (CHIRALCEL OD-H, IPA/hexane 1/10, 1 
mL/min): (minor)-enantiomer: 12.0 min; (major 
recovered)-enantiomer: 13.2 min.(BTM-R) 
O
N
O
Ph
O
 
1H NMR (300 MHz, CDCl3): 7.38-7.35(m, 5H), 6.59 
(s, 1H), 4.78(t, J = 9.0 Hz, 1H), 4.55-4.41(m, 2H), 
3.76-3.67(m, 1H), 1.18-1.14(m, 6H); 13C NMR (75 MHz, 
CDCl3): 176.6, 170.3, 137.7, 129.8, 129.0, 126.4, 91.8, 
68.4, 34.3, 19.2, 17.9; IR (KBr, cm-1) 2972, 1749, 1704, 
1340, 1241, 755; MS: HR-ESI calculated for [M+H]+ 
C13H15NO3+: 234.1126; found: 234.1125. 
HPLC (CHIRALCEL OD-H, IPA/hexane 1/20, 1 
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mL/min): (minor)-enantiomer: 8.6 min; (major 
recovered)-enantiomer: 27.6 min.(BTM-R) 
S
NH
O
Ph  
HPLC (CHIRALCEL OD-H, IPA/hexane 1/10, 1 
mL/min): (minor)-enantiomer: 18.2 min; (major 
recovered)-enantiomer: 19.4 min.(BTM-R) 
S
N
O
Ph
O
 
1H NMR (300 MHz, CDCl3): 7.38-7.23(m, 5H), 6.35 
(s, 1H), 3.95(d, J = 16.5 Hz, 1H), 3.82-3.72(m, 1H), 
3.69(d, J = 16.5 Hz, 1H), 1.17-1.13(m, 6H); 13C NMR 
(75 MHz, CDCl3): 177.8, 171.9, 141.2, 129.2, 128.6, 
125.3, 62.0, 34.6, 34.3, 19.2, 18.6; IR (KBr, cm-1) 2977, 
1710, 1706, 1204, 695; MS: HR-ESI calculated for 
[M+H]+ C13H15NO2S+: 250.0897; found: 250.0896. 
HPLC (CHIRALCEL OD-H, IPA/hexane 1/20, 1 
mL/min): (minor)-enantiomer: 6.5 min; (major 
recovered)-enantiomer: 9.9 min.(BTM-R) 
N
NH
O
Ph
Z
 
1H NMR (300 MHz, CDCl3): 7.44-7.26(m, 10H), 
6.98(br, 1H), 6.07-5.98(m, 1H), 5.18-4.98(m, 2H), 
4.09(m, 2H); 13C NMR (75 MHz, DMSO): 174.7, 
174.2, 158.3, 146.3, 145.9, 141.9, 134.1, 133.9, 133.6, 
133.4, 133.0, 132.4, 132.2, 131.0, 76.9, 71.7, 53.3, 53.1; 
IR (KBr, cm-1) 2923, 1703, 1415, 1116, 696; MS: 
HR-ESI calculated for [M+Na]+ C17H16N2NaO3+: 
319.1053; found: 319.1053. 
HPLC (CHIRALCEL OD-H, IPA/hexane 1/10, 1 
mL/min): (minor)-enantiomer: 26.3 min; (major 
recovered)-enantiomer: 29.6 min.(BTM-R) 
N
N
O
Ph
Z
O
 
1H NMR (300 MHz, CDCl3): 7.40-7.13(m, 10H), 
6.72-6.62(m, 1H), 5.22-5.00(m, 2H), 4.52-4.30(m, 2H), 
3.70-3.62(m, 1H), 1.13-1.06(m, 6H); 13C NMR (75 MHz, 
CDCl3): 176.3, 167.8, 152.9, 138.8, 135.7, 129.3, 
128.9, 128.8, 128.6, 128.4, 126.7, 74.0, 68.1, 50.0, 34.5, 
18.9, 18.1; IR (KBr, cm-1) 3034, 2976, 1752, 1715, 1421, 
1200, 696; MS: HR-ESI calculated for [M+H]+ 
C21H22N2O4+: 367.1657; found: 367.1652 
HPLC (CHIRALCEL OD-H, IPA/hexane 1/20, 1 
mL/min): (minor)-enantiomer: 27.5 min; (major 
recovered)-enantiomer: 30.7 min.(BTM-R) 
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NH
S
Cl  
1H NMR (300 MHz, CDCl3): 8.54(br, 1H), 
7.34-7.27(m, 4H), 5.15(d, J = 2.7 Hz, 1H), 3.50(dd, J1 = 
15.3 Hz, J2 = 2.7 Hz, 1H), 2.96(d, J = 15.3 Hz, 1H); 13C 
NMR (75 MHz, CDCl3): 204.5, 136.9, 134.9, 129.5, 
127.4, 58.5, 51.5; IR (KBr, cm-1) 3139, 1492, 1091, 819; 
MS: HR-ESI calculated for [M+H]+ C9H8ClNS+: 
198.0140; found: 198.0139. 
HPLC (CHIRALCEL OD-H, IPA/hexane 1/20, 1 
mL/min): 33.5 min; 58.9 min.(BTM-R) 
N
S
Cl
O
 
1H NMR (300 MHz, CDCl3): 7.34(d, J = 8.7 Hz, 2H), 
7.24(d, J = 8.7 Hz, 2H), 5.39(dd, J1 = 6.6 Hz, J2 = 3.0 
Hz, 1H), 3.84-3.75(m, 1H) 3.39(dd, J1 = 17.1 Hz, J2 = 
6.0 Hz, 1H), 2.88(dd, J1 = 16.8 Hz, J2 = 3.0 Hz, 1H), 
1.22(d, J = 6.9 Hz, 3H), 1.17(d, J = 6.6 Hz, 3H); 13C 
NMR (75 MHz, CDCl3): 202.4, 175.6, 136.3, 134.7, 
129.4, 127.5, 58.8, 49.3, 34.5, 18.8, 17.5; IR (KBr, cm-1) 
2973, 1705, 1369, 1325, 1260, 960, 823; MS: HR-ESI 
calculated for [M+H]+ C13H14ClNOS+: 268.0561; 
found: 268.0557. 
HPLC (CHIRALCEL OD-H, IPA/hexane 1/10, 1 
mL/min): 8.6 min; 11.9 min.(BTM-R) 
NH
S
 
1H NMR (300 MHz, CDCl3): 8.35(br, 1H), 
7.38-7.25(m, 5H), 5.00(t, J = 7.2 Hz, 1H), 3.13-2.89(m, 
2H), 2.71-2.60(m, 1H), 2.15-2.03(m, 1H); 13C NMR (75 
MHz, CDCl3): 206.5, 140.4, 129.3, 128.7, 126.2, 66.0, 
43.4, 33.7; IR (KBr, cm-1) 3145, 1522, 1273, 692; MS: 
HR-ESI calculated for [M+H]+ C10H11NS+: 178.0686; 
found: 178.0685. 
HPLC (CHIRALCEL OD-H, IPA/hexane 1/20, 1 
mL/min): (Major recovered)-enantiomer: 25.7 min; 
(minor)-enantiomer: 33.5 min.(BTM-R) 
N
S
O
 
1H NMR (300 MHz, CDCl3): 7.37-7.15(m, 5H), 
5.73(dd, J1 = 8.4 Hz, J2 = 3.3 Hz, 1H), 4.57-4.48(m, 1H) 
3.36-3.14(m, 2H), 2.56-2.43(m, 1H), 2.01-1.92(m, 1H), 
1.15(d, J = 6.9 Hz, 3H), 1.11(d, J = 6.6 Hz, 3H); 13C 
NMR (75 MHz, CDCl3): 208.7, 180.0, 141.2, 129.1, 
128.0, 125.5, 68.9, 48.7, 34.8, 29.4, 19.2, 18.7; IR (KBr, 
cm-1) 3030, 2973, 1706, 1373, 1344, 1098, 699; MS: 
HR-ESI calculated for [M+H]+ C14H17NOS+: 
248.1106; found: 248.1104. 
HPLC (CHIRALCEL OD-H, IPA/hexane 1/20, 1 
mL/min): (minor)-enantiomer: 6.2 min; 
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(major)-enantiomer: 7.4 min.(BTM-R) 
NHO
S
 
1H NMR (300 MHz, CDCl3): 7.91(br, 1H), 
7.40-7.26(m, 5H), 4.65(t, J = 7.2 Hz, 1H), 4.92-4.36(m, 
2H), 2.40-2.31(m, 1H), 2.15-2.04(m, 1H); 13C NMR (75 
MHz, CDCl3): 187.7, 139.5, 129.4, 129.0, 126.4, 66.7, 
55.7, 29.0; IR (KBr, cm-1) 3176, 1538, 1238, 1166, 700; 
MS: HR-ESI calculated for [M+H]+ C10H11NOS+: 
194.0635; found: 194.0634. 
HPLC (CHIRALCEL OD-H, IPA/hexane 1/9, 1 
mL/min): 34.1min; 39.1min. 
O N
S O
Ph  
Decomposed after FCC 
HPLC (CHIRALCEL OD-H, IPA/hexane 1/20, 1 
mL/min): (minor) enantiomer: 24.3min; (major) 
enantiomer: 26.5min. (Cl-PIQ-R) 
Ph
NH
S O
 
1H NMR (300 MHz, CDCl3): 10.5(s, 1H), 7.34-7.21(m, 
5H), 6.85(q, J = 7.2 Hz, 1H), 3.05-2.96(m, 1H), 1.78(d, J 
= 7.2 Hz, 1H), 1.09(d, J = 6.9 Hz, 1H), 1.03(d, J = 6.9 
Hz, 1H); 13C NMR (75 MHz, CDCl3): 194.2, 177.6, 
139.9, 128.6, 127.4, 126.6, 53.3, 33.5, 19.4, 18.9, 15.9; 
IR (KBr, cm-1) 3029, 2974, 1719, 1416, 1194, 1073, 696; 
MS: HR-ESI calculated for [M+H]+ C13H17NOS+: 
236.1106; found: 236.1104. 
HPLC (CHIRALCEL OD-H, hexane, 1 mL/min): 
(minor) enantiomer: 29.4min; (major) enantiomer: 
34.1min. (Cl-PIQ-R) 
O
N
O
O
 
1H NMR (300 MHz, CDCl3): 7.38-7.25(m, 5H), 6.67(d, 
J = 15.6 Hz, 1H), 6.14(dd, J1 = 15.6 Hz, J2 = 7.8 Hz, 
1H), 5.14-5.08(m, 1H), 4.54(t, J =  8.7 Hz, 1H), 4.22(dd, 
J1 = 8.7 Hz, J2 = 3.6 Hz, 1H), 3.80-3.71(m, 1H), 
1.21-1.16(m, 6H); 13C NMR (75 MHz, CDCl3): 177.2, 
153.0, 135.5, 134.2, 128.7, 128.5, 126.7, 124.6, 67.7, 
56.0, 32.8, 19.2, 18.5; IR (KBr, cm-1) 3027, 2977, 1778, 
1704, 1385, 1235, 1195,754, 693; MS: HR-ESI 
calculated for [M+Na]+: C15H17NNaO3+ 282.1101; 
found: 282.1093. 
HPLC (CHIRALCEL AD-H, IPA/hexane 1/20, 1 
mL/min): (major) enantiomer: 13.8min; (minor) 
enantiomer: 22.4min. (Cl-PIQ-R) 
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O
NH
O
OO
Bn  
1H NMR (300 MHz, CDCl3): 7.40-7.33(m, 5H), 
6.25(br, 1H), 5.26-5.17(m, 2H), 4.62-4.39(m, 3H); 13C 
NMR (75 MHz, CDCl3): 169.9, 158.8, 134.5, 128.9, 
128.8, 128.6, 68.0, 66.6, 53.8; IR (KBr, cm-1) 3287, 
2922, 1747, 1198, 697; MS: HR-ESI calculated for 
[M+H]+ C11H11NNaO4+: 244.0580; found: 244.0578. 
HPLC (CHIRALCEL OD-H, IPA/hexane 1/9, 1 
mL/min): (minor) enantiomer: 44.0min; (major) 
enantiomer: 55.8min. (BTM-R) 
O
N
O
O
O
O
Bn  
1H NMR (300 MHz, CDCl3): 7.40-7.31(m, 5H), 5.27(d, 
J = 12.0 Hz, 1H), 5.16(d, J = 12.0 Hz, 1H), 4.53(t, J = 9.3 
Hz, 1H), 4.29(dd, J1 = 9.3 Hz, J2 = 3.9 Hz, 1H), 
3.80-3.71(m, 1H), 1.17(d, J = 6.6 Hz, 6H); 13C NMR (75 
MHz, CDCl3): 177.4, 168.4, 152.0, 134.5, 128.8, 128.7, 
128.5, 68.1, 64.2, 55.5, 32.4, 18.8, 18.5 IR (KBr, cm-1) 
3035, 2979, 1789, 1748, 1704, 1207, 757, 699; MS: 
HR-ESI calculated for [M+Na]+: C15H17NNaO5+ 
314.0999; found: 314.1000. 
HPLC (CHIRALCEL OD-H, IPA/hexane 1/9, 1 
mL/min): (minor) enantiomer: 34.3min; (major) 
enantiomer: 41.3min. (BTM-R) 
OH H
N Ph
HCl
 
1H NMR (300 MHz, DMSO): 9.93(br, 1H), 9.33(br, 
1H), 7.61-7.57(m, 2H), 7.40-7.25(m, 8H), 6.20(s, 1H), 
5.05(s, 1H), 4.18(s, 1H), 3.01-2.87(m, 2H); 13C NMR (75 
MHz, DMSO): 142.3, 132.3, 130.8, 129.3, 129.0, 
128.8, 128.2, 126.2, 79.8, 68.5, 50.3; IR (KBr, cm-1) 
3350, 2985, 1462, 990, 698; MS: HR-ESI calculated for 
[M+H]+ C15H18NO+: 228.1383; found: 228.1379. 
N
NH
O
Ph
Bn
 
1H NMR (300 MHz, CDCl3): 7.38-7.24(m, 10H), 
5.09(br, 1H), 4.74(t, J = 8.7 Hz, 1H), 4.50(d, J = 15.0 Hz, 
1H), 4.31(d, J = 15.0 Hz, 1H), 3.67(t, J = 9.0 Hz, 1H), 
3.09(dd, J1 = 8.7 Hz, J2 = 7.5 Hz, 1H); 13C NMR (75 
MHz, CDCl3): 161.8, 141.5, 128.9, 128.6, 128.2, 127.5, 
126.0, 53.7, 53.1, 47.6; IR (KBr, cm-1) 3028, 1693, 1493, 
699; MS: HR-ESI calculated for [M+Na]+ 
C16H16N2NaO+: 275.1155; found: 275.1150. 
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O
NH
O
 
1H NMR (300 MHz, CDCl3): 7.46-7.26(m, 5H), 
5.78(br, 1H), 4.85(dd, J1 = 8.1 Hz, J2 = 5.7 Hz, 1H), 
4.65(d, J = 8.4 Hz, 1H), 4.46(dd, J1 = 8.4 Hz, J2 = 5.7 
Hz, 1H); 13C NMR (75 MHz, CDCl3): 159.2, 131.8, 
129.1, 128.4, 121.5, 85.5, 85.2, 70.3, 44.3; IR (KBr, 
cm-1) 3268, 2921, 2215, 1754, 1214, 757, 690; MS: 
HR-ESI calculated for [M+H]+ C11H9NNaO2+: 
210.0525; found: 210.0519. 
HPLC (CHIRALCEL OD-H, IPA/hexane 1/9, 1 
mL/min): (minor) enantiomer: 22.5min; (major) 
enantiomer: 29.6 min. (BTM-R) 
O
N
O
O
 
1H NMR (300 MHz, CDCl3): 7.44-7.26(m, 5H), 
5.32(dd, J1 = 8.4 Hz, J1 = 3.6 Hz, 1H), 4.59-4.44 (m, 
2H), 3.77-3.72(m, 1H), 1.24-1.18(m, 6H); 13C NMR (75 
MHz, CDCl3): 176.6, 152.2, 131.9, 129.0, 128.3, 121.5, 
85.1, 84.4, 67.9, 46.5, 32.7, 18.9, 18.6; IR (KBr, cm-1) 
2977, 2240, 1784, 1710, 1385, 757, 691; MS: HR-ESI 
calculated for [M+Na]+ C15H15NNaO3+: 280.0944; 
found: 280.0947. 
HPLC (CHIRALCEL OD-H, IPA/hexane 1/4, 1 
mL/min): (major) enantiomer: 16.4 min; (minor) 
enantiomer: 28.9 min. (BTM-R) 
NH
O
OO
Bn  
HPLC (CHIRALCEL OD-H, IPA/hexane 1/10, 1 
mL/min): (major) enantiomer: 43.5min; (minor) 
enantiomer: 57.6 min. (Cl-PIQ-R) 
N
O
O
O
O
Bn  
1H NMR (300 MHz, CDCl3): 7.40-7.26(m, 5H), 5.23(d, 
J = 12.3 Hz, 1H), 5.13(d, J = 12.3 Hz, 1H), 4.81 (dd, J1 = 
9.6 Hz, J2 = 3.0 Hz, 1H), 3.77-3.67(m, 1H), 2.77-2.50(m, 
2H), 2.39-2.24(m, 1H), 2.08-1.98(m, 1H), 1.16-1.13(m, 
6H); 13C NMR (75 MHz, CDCl3): 178.4, 173.9, 171.0, 
135.1, 128.6, 128.5, 128.3, 67.3, 58.2, 33.7, 32.2, 21.2, 
18.6, 18.5; IR (KBr, cm-1) 2975, 1746, 1697, 1225, 1189, 
698; MS: HR-ESI calculated for [M+Na]+: 
C16H19NNaO4+ 312.1206; found: 312.1204 
HPLC (CHIRALCEL OD-H, IPA/hexane 1/10, 1 
mL/min): (minor) enantiomer: 17.4min; (major) 
enantiomer: 18.5 min. (Cl-PIQ-R) 
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NH
O
 
Previously reported.   
HPLC (CHIRALCEL AD-H, IPA/hexane 1/50, 0.8 
mL/min): 35.8 min (minor), 39.4 min (major). Cl-PIQ-S 
N
O
O
Me
 
Previously reported. 
HPLC (CHIRALCEL AD-H, IPA/hexane 1/50, 1 
mL/min): 18.3 min; 26.4 min. Cl-PIQ-S 
N
O
O
Me
 
1H NMR (300 MHz, CDCl3): 7.41-7.29(m, 5H), 5.02 
(dd, J1 = 6.6 Hz, J2 = 3.3 Hz, 1H), 3.49(dd, J1 = 16.2 Hz, 
J2 = 6.3 Hz, 1H), 2.96(dd, J1 = 16.5 Hz, J2 = 3.3 Hz, 1H), 
2.82-2.74(m, 2H), 1.16(t, J = 7.2Hz, 3H); 13C NMR (75 
MHz, CDCl3): 171.8, 165.4, 138.1, 129.2, 128.7, 126.1, 
52.4, 45.6, 30.4, 8.1; IR (KBr, cm-1) 3032, 2980, 1787, 
1704, 1374, 1282, 698; MS: HR-ESI calculated for 
[C12H13NO2+H]+: 204.1019, found: 204.1028. HPLC 
(CHIRALCEL AD-H, IPA/hexane 1/50, 1 mL/min): 15.6 
min (minor), 20.3 min (major). Cl-PIQ-S 
N
O
O
Me
Me
 
1H NMR (300 MHz, CDCl3): δ 7.39-7.28 (m, 5H), 5.02 
(dd, J1 = 9.9 Hz, J2 = 3.3 Hz, 1H), 3.53 (dd, J1=16.5, J2= 
6.6 Hz, 1H), 3.41 (septet, J = 6.9 Hz, 1H), 2.97 (dd, J1= 
16.2 Hz, J2= 3.3 Hz, 1H), 1.25 (d, J=7.1 Hz, 3H), 1.17 
(d, J=7.1Hz, 3H); 13C NMR (75 MHz, CDCl3): δ 175.1, 
165.1, 138.3, 129.2, 128.6, 125.9, 52.2, 45.5, 35.1, 19.1, 
17.8; IR (KBr, cm-1): 2973, 1775, 1697, 1285, 1253; MS: 
HR-ESI calculated for [(C13H15NO2)+H]+: 218.1176, 
found: 218.1175. HPLC (CHIRALCEL AD-H, 
IPA/hexane 1/50, 0.8 mL/min): 11.3 min (minor), 13.4 
min (major). Cl-PIQ-S 
NH
O
Cl  
Previously reported.  
HPLC: Converted into product and analyzed as 
described below. Cl-PIQ-S 
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N
O
O
Me
Me
Cl  
1H NMR (300 MHz, CDCl3): 7.34 (d, J = 8.7 Hz, 2H), 
7.24 (d, J = 8.7 Hz, 2H), 4.98 (dd, J1 = 6.6 Hz, J2 = 3.3 
Hz, 1H), 3.49(dd, J1 = 16.5 Hz, J2 = 6.3 Hz, 1H), 
3.30-3.21 (m, 1H), 2.91 (dd, J1 = 16.5 Hz, J2 = 3.3 Hz, 
1H), 1.22 (d, J = 6.9 Hz, 3H), 1.16 (d, J = 6.6 Hz, 3H); 
13C NMR (75 MHz, CDCl3): 175.2, 164.7, 136.8, 
134.5, 129.4, 127.4, 51.6, 45.4, 35.2, 19.1, 17.7; IR (KBr, 
cm-1) 2975, 1788, 1703, 1277, 1089; MS: HR-ESI 
calculated for [C13H14ClNO2+H]+ : 252.0786, found: 
252.0788; HPLC (CHIRALCEL AD-H, IPA/hexane 
1/50, 1.0 mL/min): 11.5min (minor), 20.9 min (major). 
Cl-PIQ-S 
 
NH
O
MeO  
Previously reported.  
HPLC: Converted into product and analyzed as 
described below. Cl-PIQ-S 
N
O
O
Me
Me
MeO  
1H NMR (300 MHz, CDCl3): 7.24 (d, J = 9.0 Hz, 2H), 
6.89 (m, J = 8.7 Hz 2H), 4.96 (dd, J1 = 6.6 Hz, J2 = 3.3 
Hz, 1H), 3.80 (s, 3H), 3.45 (dd, J1 = 16.5 Hz, J2 = 6.3 Hz, 
1H), 3.30-3.20 (m, 1H), 2.93 (dd, J1 = 16.5 Hz, J2 = 3.3 
Hz, 1H), 1.20 (d, J = 6.9 Hz, 3H), 1.14 (d, J = 6.6 Hz, 
3H); 13C NMR (75 MHz, CDCl3): 175.2, 165.3, 159.9, 
130.2, 127.3, 114.6, 55.5, 51.9, 45.4, 35.1, 19.1, 17.8; IR 
(KBr, cm-1) 2972, 1783, 1700, 1515, 1279, 1248; MS: 
HR-ESI calculated for [C14H17NO3+H]: 248.1281, found: 
248.1285; HPLC (CHIRALCEL AD-H, IPA/hexane 
1/50, 1.0 mL/min): 18.7min (minor), 23.0 min (major). 
Cl-PIQ-S 
NH
O
Cl
 
Previously reported. 
HPLC (CHIRALCEL AD-H, IPA/hexane 1/20, 1 
mL/min): 15.7 min (minor), 20.5 min (major). Cl-PIQ-S 
N
O
O
Me
MeCl
 
1H NMR (300 MHz, CDCl3): 7.40-7.36 (m, 1H), 
7.28-7.23 (m, 2H), 7.15-7.10 (m, 1H), 5.35 (dd, J1 = 6.3 
Hz, J2 = 3.6 Hz, 1H), 3.60 (dd, J1 = 16.2 Hz, J2 = 6.3 Hz, 
1H), 3.39-3.29 (m, 1H), 2.85 (dd, J1 = 16.5 Hz, J2 = 3.3 
Hz, 1H), 1.32 (d, J = 6.9 Hz, 3H), 1.20 (d, J = 6.6 Hz, 
3H); 13C NMR (75 MHz, CDCl3): 175.4, 164.7, 135.6, 
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132.6, 130.1, 129.4, 127.4, 125.9, 50.2, 44.9, 35.2, 19.4, 
17.7; IR (KBr, cm-1) 2974, 1790, 1704, 1273, 755; MS: 
HR-ESI calculated for [C13H14ClNO2+H]+: 252.0786, 
found: 252.0789; HPLC (CHIRALCEL AD-H, 
IPA/hexane 1/50, 1 mL/min): 10.7 min (major), 12.7 min 
(minor) Cl-PIQ-S 
NH
O
 
Previously reported without characterization. 
 1H NMR (300 MHz, DMSO): 8.62 (br, 1H), 7.95-7.84 
(m, 3H), 7.59-7.49 (m, 4H), 5.29 (dd, J1 = 4.8 Hz, J2 = 
2.4 Hz, 1H), 3.63 (ddd, J1 = 14.4 Hz, J2 = 4.8 Hz, J3 = 2.4 
Hz, 1H), 2.58 (dd, J1 = 14.4 Hz, J2 = 2.4 Hz, 1H); 13C 
NMR (75 MHz, DMSO): 167.6, 137.9, 133.8, 130.4, 
129.3, 128.3, 127.1, 126.7, 126.1, 123.7, 122.3, 47.5, 
47.2; IR (KBr, cm-1) 3246, 1753, 800, 777; MS: HR-ESI 
calculated for [C13H11NO+H]: 198.0913, found: 
198.0913; HPLC (CHIRALCEL OD-H, IPA/hexane 1/4, 
1.0 mL/min): 14.6 min (minor), 26.0 min (major). 
Cl-PIQ-S 
N
O
O
Me
Me
 
1H NMR (300 MHz, CDCl3): 7.92-7.80 (m, 3H), 
7.58-7.43 (m, 3H), 7.25 (d, J = 6.9 Hz, 1H), 5.75 (dd, J1 = 
6.6 Hz, J2 = 3.6 Hz, 1H), 3.73 (dd, J1 = 16.2 Hz, J2 = 6.6 
Hz, 1H), 3.47-3.39 (m, 1H), 2.89 (dd, J1 = 16.2 Hz, J2 = 
3.6 Hz, 1H), 1.41 (d, J = 6.9 Hz, 3H) 1.24 (d, J = 6.9 Hz, 
3H); 13C NMR (75 MHz, CDCl3): 175.6, 165.0, 134.0, 
133.5, 130.2, 129.4, 128.7, 126.8, 126.2, 125.6, 122.5, 
121.5, 50.1, 45.7, 35.4, 19.6, 17.7; IR (KBr, cm-1) 3052, 
2973, 1785, 1701, 1275, 776; MS: HR-ESI calculated for 
[C17H17NO2+H]: 268.1332, found: 268.1338; HPLC 
(CHIRALCEL AD-H, IPA/hexane 1/20, 1.0 mL/min): 
12.4 min (major), 16.4 min (minor). Cl-PIQ-S 
NH
O
 
1H NMR (300 MHz, DMSO): 8.50 (br, 1H), 7.94-7.87 
(m, 4H), 7.54-7.47 (m, 3H), 4.80 (dd, J1 = 5.4 Hz, J2 = 
2.4 Hz, 1H), 3.42 (ddd, J1 = 14.7 Hz, J2 = 5.4 Hz, J3 = 2.4 
Hz, 1H), 2.58 (dd, J1 = 14.7 Hz, J2 = 1.8 Hz, 1H); 13C 
NMR (75 MHz, DMSO): 167.8, 139.8, 133.5, 133.2, 
129.0, 128.4, 128.3, 127.1, 126.7, 125.0, 124.5, 49.5, 
47.8; IR (KBr, cm-1) 3247, 3053, 2955, 1742, 1357, 
1181, 821; MS: HR-ESI calculated for [C13H11NO+H]: 
198.0913, found: 198.0924; HPLC: Converted into 9-IB 
and analyzed as described below. Cl-PIQ-S 
 165
N
O
O
Me
Me
 
1H NMR (300 MHz, CDCl3): 7.88-7.78 (m, 4H), 
7.52-7.46 (m, 2H), 7.39 (dd, J1 = 8.7 Hz, J2 = 2.1 Hz, 
1H), 5.18 (dd, J1 = 6.3 Hz, J2 = 3.3 Hz, 1H), 3.55 (dd, J1 
= 16.5 Hz, J2 = 6.3 Hz, 1H), 3.61-3.27 (m, 1H), 3.04 (dd, 
J1 = 16.5 Hz, J2 = 3.3 Hz, 1H), 1.26 (d, J = 6.9 Hz, 3H) 
1.18 (d, J = 6.6 Hz, 3H); 13C NMR (75 MHz, CDCl3): 
175.2, 165.1, 135.5, 133.5, 133.5, 129.3, 128.2, 128.0, 
126.8, 126.6, 125.7, 122.9, 52.4, 45.5, 35.2, 19.1, 17.8; 
IR (KBr, cm-1) 3054, 2973, 1786, 1702, 1386, 1280, 747; 
MS: HR-ESI calculated for [C17H17NO2+H]: 268.1332, 
found: 268.1334; HPLC (CHIRALCEL AD-H, 
IPA/hexane 1/20, 1.0 mL/min): 9.4 min (minor), 14.3 
min(major). 
NH
O
S  
1H NMR (300 MHz, DMSO): 8.50 (br, 1H), 7.47 (dd, 
J1 = 5.4 Hz, J2 = 1.2 Hz, 1H), 7.09 (d, J = 3.3 Hz, 1H), 
6.99 (dd, J1 = 4.8 Hz, J2 = 3.6 Hz, 1H), 4.90 (dd, J1 = 5.4 
Hz, J2 = 2.4 Hz, 1H), 3.36 (ddd, J1 = 14.7 Hz, J2 = 5.1 
Hz, J3 = 2.1 Hz, 1H), 2.76 (dd, J1 = 14.7 Hz, J2 = 1.8 Hz, 
1H); 13C NMR (75 MHz, DMSO): 167.6, 146.6, 127.8, 
125.9, 125.6, 46.7, 45.5; MS: HR-ESI calculated for 
[C7H7NOS+H]+: 154.0321, found: 154.0322; HPLC 
(CHIRALCEL OD-H, IPA/hexane 1/10, 1.0 mL/min): 
15.3 min (minor); 16.8 min (major). Cl-PIQ-S 
N
O
O
Me
Me
S  
1H NMR (300 MHz, CDCl3): 7.27 (dd, J1 = 5.4 Hz, J2 
= 1.5 Hz, 1H), 7.11(m, 1H), 6.98(dd, J1 = 5.4 Hz, J2 = 
3.6 Hz, 1H), 5.29 (dd, J1 = 6.6 Hz, J2 = 3.3 Hz, 1H), 
3.53(dd, J1 = 16.5 Hz, J2 = 6.3 Hz, 1H), 3.26-3.17(m, 
1H), 3.13(dd, J1 = 16.5 Hz, J2 = 3.3 Hz, 1H), 1.20(d, J = 
6.9 Hz, 3H), 1.15(d, J = 6.9 Hz, 3H); 13C NMR (75 MHz, 
CDCl3): 175.1, 164.5, 141.4, 127.3, 126.5, 125.7, 48.2, 
45.8, 35.2, 19.1, 17.7; IR (KBr, cm-1) 2974, 1788, 1702, 
1276, 704; MS: HR-ESI calculated for 
[C11H13NO2S+H]+: 224.074, found: 224.0745; HPLC 
(CHIRALCEL AD-H, IPA/hexane 1/100, 1.0 mL/min): 
15.1 min (minor), 18.2 min (major). Cl-PIQ-S 
NH
On-Bu
 
Previously reported. 
HPLC (CHIRALCEL AD-H, IPA/hexane 1/50, 1.0 
mL/min): 20.2 min (minor); 23.3 min (major). Cl-PIQ-S 
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N
O
O
Me
Me
n-Bu
 
1H NMR (300 MHz, CDCl3): 7.39-7.24 (m, 5H), 4.65 
(d, J = 3.3 Hz, 1H), 3.33-3.24 (m, 1H), 3.09-3.03 (m, 
1H), 1.96-1.73 (m, 2H), 1.50-1.27 (m, 4H) 1.24 (d, J = 
6.9 Hz, 3H),1.16 (d, J = 6.9 Hz, 3H), 0.93 (t, J = 7.2 Hz, 
3H); 13C NMR (75 MHz, CDCl3): 175.2, 168.3, 138.1, 
128.9, 128.2, 125.5, 59.0, 58.9, 35.0, 29.1, 28.4, 22.4, 
18.9, 17.5, 13.8; IR (KBr, cm-1) 2931, 1784, 1704, 1273, 
696; MS: HR-ESI calculated for [C17H23NO2+H]+: 
274.1802, found: 274.1805; HPLC (CHIRALCEL 
AD-H, IPA/hexane 1/50, 1.0 mL/min): 6.1 min (minor), 
7.1 min (major);. Cl-PIQ-S 
NH
OMe
Me
 
Previously reported. 
HPLC (CHIRALCEL AD-H, IPA/hexane 1/50, 1 
mL/min): 35.0 min (major), 39.8 min (minor) 
(stereochemical notation inverted according to CIP 
nomenclature rules). Cl-PIQ-S 
N
O
O
Me
Me
Me
Me
 
1H NMR (300 MHz, CDCl3): 7.86-7.78 (m, 3H), 7.55 
(s, 1H), 7.52-7.44 (m, 2H), 7.20 (dd, J1 = 5.4 Hz, J2 = 1.5 
Hz, 1H), 4.96 (s, 1H), 3.45-3.36 (m, 1H), 1.55 (s, 3H), 
1.39 (d, J = 6.9 Hz, 3H), 1.21 (d, J = 6.9 Hz, 3H), 0.84 (s, 
3H); 13C NMR (75 MHz, CDCl3): 175.9, 171.9, 133.4, 
133.3, 133.0, 128.7, 128.1, 128.0, 126.7, 126.4, 125.1, 
123.8, 64.8, 55.1, 35.5, 23.4, 19.6, 18.2, 17.8; IR (KBr, 
cm-1) 2971, 1785, 1705, 1386, 1280; MS: HR-ESI 
calculated for [C19H21NO2+H]: 296.1645, found: 
296.1647; HPLC (CHIRALCEL AD-H, IPA/hexane 
1/50, 1 mL/min): 12.5 min (minor), 18.7 min (major) 
(stereochemical notation inverted according to CIP 
nomenclature rules). Cl-PIQ-S 
NH
OH
H  
Previously reported. 
HPLC (CHIRALCEL OD-H, IPA/hexane 1/20, 1.0 
mL/min): 19.0 min (minor), 29.1min (major). Cl-PIQ-S 
N
OH
H
O
Me
Me
 
1H NMR (300 MHz, CDCl3): 7.68 (d, J = 7.2 Hz, 1H), 
7.35-7.22 (m, 3H), 5.43 (d, J = 5.1 Hz, 1H), 4.04-3.97 (m, 
1H), 3.41-3.03 (m, 3H), 1.17 (d, J = 6.9 Hz, 3H) 1.03 (d, 
J = 6.6 Hz, 3H); 13C NMR (75 MHz, CDCl3): 175.2, 
168.0, 143.7, 138.7, 129.7, 128.2, 127.5, 125.9, 60.7, 
51.5, 34.9, 31.0, 18.7, 18.1; IR (KBr, cm-1) 2974, 1784, 
1698, 1293, 761; MS: HR-ESI calculated for 
[C14H15NO2+H]+: 230.1176, found: 230.1179; HPLC 
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(CHIRALCEL AD-H, IPA/hexane 1/100, 1.0 mL/min): 
8.1 min (major); 10.0 min (minor). Cl-PIQ-S 
5.4.4 Computational details 
The geometries of all intermediates and transition states were optimized with B3LYP23 under 
SMD solvation model in toluene. A basis set of 6-31G(d) for all atoms were used in geometry 
optimizations. The reported free energies and enthalpies include zero-point energies and thermal 
corrections calculated at 298K by M062X/6-311G++(d,p). All calculations were performed with 
Gaussian 09.24 The 3D structures of molecules were generated using CYLView.25 
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Appendix 
A. NMR spectra for chapter 1 
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B. NMR spectra for chapter 2 
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C. NMR spectra for chapter 3 
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D. NMR spectra for chapter 4 
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The Cartesian coordinates (Å), SCF energies, enthalpies at 298K, and Gibbs free 
energies at 298K for the optimized structures. 
Chapter 2 
2-10a 
M06 SCF energy in solution: -1239.49070743 a.u. 
B3LYP thermal correction to enthalpy in solution: 0.306230 a.u. 
B3LYP thermal correction to gibbs free energy in solution:                0.242833 a.u. 
 
Cartesian coordinates 
ATOM       X           Y           Z 
C    -1.11435900    2.38511400   -0.18031700 
C    -2.51409300    2.66361600   -0.63894600 
H    -2.67764300    2.32053500   -1.66590800 
O    -0.38519600    3.18258100    0.37999700 
N    -0.60106700    1.08844600   -0.43197500 
C     0.68472700    0.78361900   -0.15313600 
N     1.02407900   -0.43297600   -0.56677300 
C    -0.08825400   -1.10865200   -1.25009600 
C    -1.27504300   -0.09388000   -1.08260100 
C    -2.43347200   -0.63925100   -0.27233500 
C    -3.65101400   -0.90109400   -0.91027700 
C    -4.71540700   -1.45598100   -0.19730600 
C    -4.57040100   -1.74479400    1.15978200 
C    -3.35836900   -1.47961400    1.80368100 
C    -2.29229700   -0.93232100    1.09152400 
H    -1.35483100   -0.72729700    1.60329800 
H    -3.24388700   -1.69978600    2.86108400 
H    -5.39883600   -2.17272200    1.71667300 
H    -5.65578500   -1.65622600   -0.70243300 
H    -3.76858200   -0.67254400   -1.96684900 
H    -1.62948700    0.22373200   -2.06541700 
H     0.17177600   -1.27596300   -2.29840100 
H    -0.30124700   -2.06400500   -0.76737300 
S     1.95156000    1.65755800    0.61783200 
C     2.34978400   -0.79112000   -0.31017200 
C     3.02248400    0.25359000    0.34947800 
C     4.36188800    0.12338400    0.70830200 
H     4.88767000    0.92439200    1.21804900 
C     2.99142800   -1.98735200   -0.62873500 
H     2.46613600   -2.79010600   -1.13546200 
C     4.33096500   -2.11036800   -0.26713100 
H     4.85991000   -3.02899600   -0.50015100 
C     5.00670500   -1.07197100    0.39169200 
H     6.05036600   -1.19806600    0.66134800 
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H    -3.23637600    2.15051500    0.00554500 
H    -2.68529000    3.73910800   -0.57849900 
 
 
2-10b 
M06 SCF energy in solution: -1239.48385250 a.u. 
B3LYP thermal correction to enthalpy in solution: 0.305762 a.u. 
B3LYP thermal correction to gibbs free energy in solution:                0.242609 a.u. 
 
Cartesian coordinates 
ATOM       X           Y           Z 
C    -1.33483300    2.33094600   -0.29538600 
C    -0.67680100    3.44745600    0.46938100 
H    -0.41529100    3.14319100    1.48914100 
O    -2.41908500    2.40372900   -0.82690900 
N    -0.62938100    1.09262200   -0.39769300 
C     0.65713800    0.79933700   -0.12287000 
N     1.01307100   -0.40345000   -0.57360000 
C    -0.08168300   -1.06680900   -1.29668900 
C    -1.28099000   -0.08911000   -1.08905000 
C    -2.42653400   -0.66665900   -0.28405400 
C    -3.71818000   -0.65857500   -0.82000000 
C    -4.77860000   -1.22358500   -0.11017700 
C    -4.55594800   -1.79125800    1.14478600 
C    -3.26922500   -1.79466100    1.69005200 
C    -2.20860900   -1.23708300    0.97808400 
H    -1.20959800   -1.25010500    1.40957400 
H    -3.09235300   -2.23470700    2.66731200 
H    -5.38139100   -2.22994700    1.69800500 
H    -5.77730800   -1.21507700   -0.53681800 
H    -3.89547900   -0.20634800   -1.79169300 
H    -1.65195700    0.27547400   -2.04700600 
H     0.19213600   -1.17841000   -2.34901100 
H    -0.27424200   -2.04936800   -0.86314200 
S     1.94940600    1.62938900    0.68701200 
C     2.33645200   -0.77270100   -0.32835600 
C     3.01744700    0.24067900    0.36650400 
C     4.35547000    0.09937300    0.72171300 
H     4.88226500    0.88083100    1.25959000 
C     2.97544500   -1.95879600   -0.68777600 
H     2.44713900   -2.74275000   -1.22012100 
C     4.31525100   -2.09836600   -0.33182400 
H     4.84060600   -3.01015300   -0.59708100 
C     4.99575300   -1.08658600    0.36163900 
H     6.03919100   -1.22511800    0.62559400 
H     0.22785900    3.80043400   -0.03998300 
 263
H    -1.38453700    4.27618700    0.52192300 
 
 
2-11a 
M06 SCF energy in solution: -1278.80767020 a.u. 
B3LYP thermal correction to enthalpy in solution: 0.336942 a.u. 
B3LYP thermal correction to gibbs free energy in solution:                0.272812 a.u. 
 
Cartesian coordinates 
ATOM       X           Y           Z 
C     1.00241900    2.47446900    0.08762000 
C     2.40040600    2.94433000    0.38095400 
H     3.15632300    2.25282000   -0.00242900 
O     0.17252000    3.16655500   -0.47275500 
N     0.63641700    1.15902100    0.49787900 
C    -0.63458500    0.72074200    0.25361800 
N    -1.05673200   -0.50188800    0.60945600 
S    -1.86596300    1.65673800   -0.55954700 
C    -2.38446400   -0.78581500    0.24081600 
C    -2.98593900    0.29956200   -0.40453700 
C    -4.30883300    0.23437400   -0.84368500 
H    -4.77631900    1.07797600   -1.34148800 
C    -3.08324500   -1.97702800    0.45681500 
H    -2.62351200   -2.83063500    0.94212500 
C    -4.40179600   -2.03906800    0.01566300 
H    -4.96689000   -2.95270300    0.17044500 
C    -5.01032300   -0.94779700   -0.62376100 
H    -6.04106100   -1.02554100   -0.95480500 
C    -0.21207700   -1.46313200    1.34664900 
H     0.20918500   -2.17332500    0.62834000 
H    -0.85905200   -2.00179400    2.04022200 
C     1.62509500    0.25153900    1.15917400 
C     0.86459400   -0.69935900    2.09559800 
H     0.41465700   -0.12513600    2.91285800 
H     1.57178200   -1.40795300    2.53311300 
H     2.52446000    3.91750700   -0.09563600 
H     2.55675100    3.06297000    1.45986700 
C     2.52871000   -0.46745100    0.16141000 
C     3.77188400   -0.92666300    0.62196300 
C     2.16510400   -0.71340200   -1.16779100 
C     4.62777300   -1.62760000   -0.22568100 
H     4.07381900   -0.73192100    1.64909200 
C     3.02535400   -1.41396900   -2.01760700 
H     1.21873100   -0.35238300   -1.55947300 
C     4.25548500   -1.87413700   -1.54952800 
H     5.58849200   -1.97312600    0.14511500 
 264
H     2.73125800   -1.59325800   -3.04784200 
H     4.92453600   -2.41426900   -2.21298300 
H     2.24092500    0.89303100    1.79079400 
 
 
2-11b 
M06 SCF energy in solution: -1278.80244188 a.u. 
B3LYP thermal correction to enthalpy in solution: 0.336296 a.u. 
B3LYP thermal correction to gibbs free energy in solution:                0.271610 a.u. 
 
Cartesian coordinates 
ATOM       X           Y           Z 
C    -1.05386900    1.87522000   -0.65514300 
C    -2.32677000    2.09270900   -1.42507400 
H    -2.43796800    1.40613900   -2.26773800 
O    -0.40084400    2.79598400   -0.20164200 
N    -0.55596200    0.53965700   -0.50043100 
C     0.76938200    0.39409500   -0.20405600 
N     1.42054100   -0.76788800   -0.35725000 
S     1.80953200    1.68047100    0.36042900 
C     2.79522700   -0.71029800   -0.06683500 
C     3.17922500    0.56694000    0.35517300 
C     4.50466400    0.84936000    0.68706800 
H     4.79987200    1.84211200    1.01180600 
C     3.72889500   -1.74324600   -0.18381900 
H     3.44767700   -2.73028000   -0.53296400 
C     5.04949500   -1.45967000    0.15209900 
H     5.79461000   -2.24486200    0.07149300 
C     5.43482700   -0.18135800    0.58545100 
H     6.47243500    0.00870800    0.84099800 
C     0.73481900   -1.98484900   -0.82725100 
H     0.79731700   -2.02313600   -1.92011000 
H     1.26306700   -2.84556700   -0.41462100 
C    -1.42907800   -0.66689600   -0.76247200 
C    -0.69600800   -1.94159300   -0.32301600 
H    -1.58999400   -0.70820700   -1.84428600 
H    -0.69976700   -2.01564400    0.76945900 
H    -1.25221400   -2.79966300   -0.70899600 
H    -2.29988200    3.12103100   -1.79098200 
H    -3.19764200    1.98248200   -0.77284000 
C    -2.77263800   -0.57551900   -0.05312800 
C    -3.93354900   -0.92951000   -0.75106500 
C    -2.86773200   -0.21702300    1.29845000 
C    -5.17332800   -0.92257100   -0.11019500 
H    -3.87182200   -1.20693200   -1.80115200 
C    -4.10901300   -0.20124500    1.93501400 
 265
H    -1.97845100    0.05960200    1.85909600 
C    -5.26387500   -0.55359500    1.23276700 
H    -6.06693700   -1.19630400   -0.66373100 
H    -4.17297400    0.08646100    2.98049100 
H    -6.22919400   -0.53944600    1.73029600 
 
2-11c 
M06 SCF energy in solution: -1278.79603310 a.u. 
B3LYP thermal correction to enthalpy in solution: 0.336734 a.u. 
B3LYP thermal correction to gibbs free energy in solution:                0.272906 a.u. 
 
Cartesian coordinates 
ATOM       X           Y           Z 
C     1.20163700    2.49256000    0.20523300 
C     0.37303800    3.54227900   -0.48439500 
H    -0.51048700    3.82732400    0.09615600 
O     2.34789500    2.69394100    0.53076400 
N     0.65065400    1.17894200    0.50828100 
C    -0.61025200    0.73419200    0.26529000 
N    -1.02840000   -0.49563400    0.61937500 
S    -1.88338900    1.62827700   -0.55326200 
C    -2.34935600   -0.80542300    0.24494300 
C    -2.97865600    0.25993300   -0.40473300 
C    -4.29676000    0.17309100   -0.84896000 
H    -4.77915600    1.00609000   -1.34960400 
C    -3.02689000   -2.00865100    0.46014000 
H    -2.55114800   -2.85128300    0.94839900 
C    -4.34329000   -2.09940000    0.01525400 
H    -4.88878200   -3.02456300    0.17116800 
C    -4.97339700   -1.02416400   -0.62799000 
H    -6.00114100   -1.12356100   -0.96204800 
C    -0.19124200   -1.45605400    1.36906500 
H     0.22699500   -2.17335300    0.65626300 
H    -0.84516900   -1.98395700    2.06440500 
C     1.63621700    0.25217500    1.16384400 
C     0.88604400   -0.68978500    2.10913400 
H     0.44172000   -0.11325700    2.92800200 
H     1.59699800   -1.39581500    2.54494400 
H     1.01234200    4.42082400   -0.58509500 
H     0.06225000    3.22988600   -1.48691100 
C     2.52233600   -0.46584500    0.15175300 
C     3.77484300   -0.91597800    0.59333700 
C     2.13749200   -0.72622900   -1.16802300 
C     4.61835600   -1.62178200   -0.26222600 
H     4.09573100   -0.70428500    1.61097000 
C     2.98497500   -1.43061600   -2.02753200 
 266
H     1.18353400   -0.36988300   -1.54685400 
C     4.22455600   -1.88253100   -1.57701100 
H     5.58759400   -1.95826200    0.09472300 
H     2.67428500   -1.61973200   -3.05129300 
H     4.88438700   -2.42606000   -2.24704100 
H     2.26742200    0.90614000    1.76357900 
 
 
2-11d 
M06 SCF energy in solution: -1278.79198394 a.u. 
B3LYP thermal correction to enthalpy in solution: 0.335052 a.u. 
B3LYP thermal correction to gibbs free energy in solution:                0.273034 a.u. 
 
Cartesian coordinates 
ATOM       X           Y           Z 
C    -1.21168300    1.77469600   -0.87036000 
C    -0.77152800    3.07459000   -0.25211900 
H    -0.55164400    2.98415700    0.81559500 
O    -2.11758000    1.69495500   -1.66159300 
N    -0.57385000    0.51987400   -0.46695100 
C     0.74858900    0.39010700   -0.19789000 
N     1.41323900   -0.76834400   -0.34700800 
S     1.80931600    1.66637700    0.38244200 
C     2.78874500   -0.70910300   -0.05738900 
C     3.18335800    0.56605100    0.36052700 
C     4.50727600    0.85406200    0.68550100 
H     4.80361900    1.84718900    1.00695600 
C     3.72393300   -1.73970200   -0.17591000 
H     3.44169100   -2.72775200   -0.52082700 
C     5.04740300   -1.45583100    0.15195900 
H     5.79082200   -2.24216300    0.06821800 
C     5.43659800   -0.17833300    0.57983900 
H     6.47556000    0.01291400    0.82833600 
C     0.73563300   -1.99778800   -0.80362200 
H     0.78721000   -2.03916700   -1.89672500 
H     1.28087800   -2.84799200   -0.39196900 
C    -1.42765400   -0.70450300   -0.73830300 
C    -0.69089800   -1.96685300   -0.28650600 
H    -1.57914000   -0.73849800   -1.81946700 
H    -0.68622600   -2.03666700    0.80642400 
H    -1.24010600   -2.83296400   -0.66506400 
H    -1.59542800    3.77916000   -0.38575600 
H     0.10011200    3.49009700   -0.77023100 
C    -2.77625100   -0.58740800   -0.04428600 
C    -3.94447000   -0.85517700   -0.76559200 
C    -2.86818800   -0.28256300    1.31976700 
 267
C    -5.18717200   -0.82839600   -0.13176700 
H    -3.88418400   -1.07636300   -1.82819800 
C    -4.11210000   -0.24352000    1.95034900 
H    -1.97134100   -0.06764900    1.89582500 
C    -5.27392700   -0.52001600    1.22668200 
H    -6.08715500   -1.03702700   -0.70319300 
H    -4.17286600   -0.00015300    3.00747000 
H    -6.24190500   -0.49137800    1.71871500 
 
 
2-11TS-1 
M06 SCF energy in solution: -2085.19693331 a.u. 
B3LYP thermal correction to enthalpy in solution: 0.617164 a.u. 
B3LYP thermal correction to gibbs free energy in solution:                0.507895 a.u. 
Imaginary frequency:    -375.3820 cm-1 
 
Cartesian coordinates 
ATOM       X           Y           Z 
C     0.02569800    0.53538100   -1.63941500 
C    -0.51776600    1.88078900   -2.04640300 
H    -0.73430300    2.54870600   -1.21572600 
O     0.00062200   -0.43481500   -2.39070600 
N     1.06829400    0.52700600   -0.60405800 
C     1.91546900   -0.50630200   -0.54498000 
N     2.86371100   -0.62596600    0.41118200 
C     1.08251600    1.57704400    0.45266000 
H     0.03771300    1.83176900    0.63881400 
O    -1.56638800    0.24443200   -0.21062200 
C    -2.09694500   -1.04487300   -0.31415100 
C    -2.09494600   -1.78735900    1.02923000 
C    -2.28072900   -3.17726200    1.07146100 
C    -2.26892600   -3.86605500    2.28407100 
C    -2.07199100   -3.17362300    3.48267500 
C    -1.88851400   -1.79068100    3.45214300 
C    -1.89666300   -1.10323500    2.23398800 
H    -1.74498200   -0.02870900    2.20553300 
H    -1.73954400   -1.24112000    4.37917700 
H    -2.06382500   -3.70844800    4.42934100 
H    -1.44219200   -1.62026700   -0.99222400 
H    -2.39179100    1.20861100    0.11105600 
O    -3.10799500    2.04620100    0.39015300 
C    -2.63633000    2.88112800    1.27245800 
C    -3.64048900    3.93945400    1.69786300 
O    -1.49285800    2.85395100    1.74656800 
S     1.97488100   -1.82188300   -1.71520500 
C     3.73193500   -1.71613000    0.23882100 
 268
C     3.39641000   -2.47963300   -0.88376000 
C     4.13390400   -3.61211400   -1.22464300 
H     3.86966700   -4.20722200   -2.09375700 
C     4.82179500   -2.05655500    1.04326500 
H     5.09564300   -1.46350400    1.90899200 
C     5.55942600   -3.18776600    0.69633400 
H     6.41160400   -3.47024800    1.30706200 
C     5.22131500   -3.95924200   -0.42333600 
H     5.81087800   -4.83635400   -0.67246800 
C    -3.48222400   -1.05327300   -0.98145900 
C    -5.98194700   -0.99636300   -2.28003200 
C    -4.65792600   -0.80027500   -0.26177700 
C    -3.58063300   -1.27545100   -2.36150500 
C    -4.81810200   -1.24894600   -3.00823400 
C    -5.89633600   -0.77035900   -0.90404100 
H    -4.60388800   -0.62702400    0.80918000 
H    -6.79728800   -0.57209700   -0.32808200 
H    -6.94784700   -0.97738200   -2.77905800 
C     2.95231500    0.29195600    1.56024100 
H     3.74625700    1.02131800    1.36768300 
H     3.22629400   -0.30166000    2.43507500 
C     1.60165500    0.95766000    1.75804700 
H     0.87193800    0.22257000    2.11253600 
H     1.68537600    1.73988700    2.51626200 
H    -4.51182100    3.46133900    2.16020500 
H    -4.00365700    4.48714600    0.82107600 
H    -3.18885700    4.63673900    2.40676400 
H    -4.87241000   -1.42771500   -4.07976000 
H    -2.67418700   -1.46291500   -2.93256800 
H    -2.43886800   -3.72388800    0.14365200 
H    -2.41174600   -4.94425300    2.29477900 
C     1.84958900    2.82821700    0.03889700 
C     1.44577000    4.05328900    0.59322300 
C     2.94749500    2.80931900   -0.83055000 
C     2.13890400    5.22645400    0.29628800 
H     0.57492200    4.07812700    1.24374900 
C     3.63789700    3.98685600   -1.13060500 
H     3.26361000    1.87878800   -1.29455400 
C     3.23803300    5.19788700   -0.56571900 
H     1.81088200    6.16767500    0.72975300 
H     4.48456500    3.95429500   -1.81143500 
H     3.77337900    6.11406400   -0.80040400 
H    -1.43545000    1.70312800   -2.60810700 
H     0.21278500    2.36371700   -2.70862600 
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2-7a 
M06 SCF energy in solution: -1777.70389295 a.u. 
B3LYP thermal correction to enthalpy in solution: 0.358752 a.u. 
B3LYP thermal correction to gibbs free energy in solution:                0.287855  a.u. 
 
Cartesian coordinates 
ATOM       X           Y           Z 
C    -1.18482700   -1.92012500    0.13386600 
C    -2.64514200   -2.15225900    0.52784500 
O    -0.57046200   -2.75824600   -0.49839200 
N    -0.52282200   -0.73167200    0.53406700 
C     0.82170400   -0.62297800    0.27529100 
N     1.55780900    0.40131600    0.72965400 
S     1.74661100   -1.75482000   -0.67948900 
C     2.89913900    0.37969200    0.30507500 
C     3.17910500   -0.74805800   -0.47344200 
C     4.45656800   -0.97237800   -0.98898700 
H     4.67199900   -1.85107100   -1.58872700 
C     3.88622400    1.33161600    0.57920900 
H     3.67785300    2.21905700    1.16639900 
C     5.15648100    1.10940300    0.05689300 
H     5.94042700    1.83434800    0.25082300 
C     5.44181100   -0.02849900   -0.71505000 
H     6.44320800   -0.17298400   -1.10769500 
C     1.03589200    1.45340500    1.62892600 
H     0.89227000    2.36198600    1.03672900 
H     1.79592800    1.64093700    2.38942800 
C    -1.21016600    0.42519300    1.19074800 
C    -0.25868200    0.97799000    2.26334800 
H    -0.05703300    0.20127400    3.00904100 
H    -0.73513400    1.81785200    2.77355700 
H    -2.88198800   -1.70764100    1.49402700 
C    -1.67806300    1.49738200    0.20756300 
C    -2.59627500    2.44424800    0.68628200 
C    -1.21841100    1.60316700   -1.10864900 
C    -3.03613300    3.48221900   -0.13200500 
H    -2.97737600    2.36511000    1.70230100 
C    -1.66221300    2.64406100   -1.92931600 
H    -0.52992100    0.87088300   -1.51919100 
C    -2.56691100    3.58674500   -1.44377600 
H    -3.75104400    4.20400300    0.25242100 
H    -1.30100800    2.70943900   -2.95155300 
H    -2.91212400    4.39336600   -2.08391700 
H    -2.07987600    0.01557000    1.70066600 
Cl   -3.68413900   -1.26958800   -0.69281900 
C    -2.98438600   -3.63413300    0.53774300 
 270
H    -2.37838900   -4.14430300    1.29509700 
H    -4.03863600   -3.76415800    0.79416700 
H    -2.79007300   -4.09523000   -0.43210800 
 
 
2-7b 
M06 SCF energy in solution: -1777.70826425 a.u. 
B3LYP thermal correction to enthalpy in solution: 0.358861 a.u. 
B3LYP thermal correction to gibbs free energy in solution:                0.288176  a.u. 
 
Cartesian coordinates 
ATOM       X           Y           Z 
C    -1.12950000   -1.69044100   -0.40391800 
C    -2.63496500   -1.85775600   -0.19820000 
O    -0.48821700   -2.48301800   -1.06627000 
N    -0.47733100   -0.59244500    0.20833600 
C     0.87938400   -0.47147900    0.05818500 
N     1.57511800    0.53996000    0.59629000 
S     1.88224800   -1.58439100   -0.83924700 
C     2.95335600    0.50668200    0.31923200 
C     3.29967000   -0.60855400   -0.45069400 
C     4.62252400   -0.84317400   -0.82783500 
H     4.89055500   -1.71301900   -1.41904900 
C     3.91765200    1.43364900    0.72620300 
H     3.65842000    2.31202600    1.30701000 
C     5.23540900    1.19739900    0.34683500 
H     6.00519100    1.90008300    0.64911600 
C     5.58668400    0.07259100   -0.41691800 
H     6.62414800   -0.08493700   -0.69414900 
C     0.96037700    1.58516900    1.43799700 
H     0.76185800    2.46125400    0.81259500 
H     1.68702300    1.85336100    2.20554000 
C    -1.23793400    0.43370500    0.99685100 
C    -0.30486700    1.02745300    2.06148900 
H    -0.05136100    0.25424700    2.79470900 
H    -0.83484700    1.82643800    2.58518000 
H    -3.13987300   -0.89830700   -0.10171600 
C    -1.91089100    1.47951900    0.11434000 
C    -3.03490300    2.13726100    0.63679000 
C    -1.45134500    1.82803000   -1.16144100 
C    -3.67722800    3.13367100   -0.09615500 
H    -3.41056700    1.86718700    1.62167000 
C    -2.09834400    2.82545300   -1.89607000 
H    -0.59624800    1.32221400   -1.60051300 
C    -3.20889400    3.48120700   -1.36563800 
H    -4.54777100    3.63157500    0.32099200 
 271
H    -1.73295100    3.08437700   -2.88569400 
H    -3.71186500    4.25415700   -1.93927100 
H    -2.00507600   -0.12057900    1.53753800 
C    -3.26779100   -2.68908400   -1.29864600 
H    -2.79030200   -3.66638400   -1.38921900 
H    -4.33235400   -2.82173800   -1.09067100 
H    -3.16506300   -2.15976800   -2.25309600 
Cl   -2.83494200   -2.68283500    1.43354900 
 
 
2-8a 
M06 SCF energy in solution: -1738.38724877 a.u. 
B3LYP thermal correction to enthalpy in solution: 0.327940 a.u. 
B3LYP thermal correction to gibbs free energy in solution:                0.258516  a.u. 
 
Cartesian coordinates 
ATOM       X           Y           Z 
C    -1.10121300   -1.73955000    0.14978500 
C    -2.55501700   -1.77016700    0.60796700 
H    -2.83068500   -0.87317400    1.15888400 
O    -0.57347000   -2.66650200   -0.43840700 
N    -0.32632200   -0.61213300    0.46182500 
C     0.99764800   -0.59597800    0.16390900 
N     1.60924300    0.49186600    0.61186800 
C     0.69463200    1.36985400    1.35639600 
C    -0.70068000    0.68535800    1.15073600 
C    -1.67973600    1.52376600    0.35462300 
C    -2.79281100    2.06913400    1.00557500 
C    -3.68262400    2.89109200    0.31078600 
C    -3.46783600    3.16684100   -1.03997800 
C    -2.35987500    2.62160700   -1.69534000 
C    -1.46655400    1.80620700   -1.00252200 
H    -0.61145700    1.38403800   -1.52517300 
H    -2.19225600    2.83024200   -2.74809200 
H    -4.16216200    3.80157400   -1.58319300 
H    -4.54344000    3.30930200    0.82447800 
H    -2.96216200    1.85448800    2.05839200 
H    -1.12729200    0.43289400    2.12233200 
H     0.99209800    1.39828200    2.40703600 
H     0.71973200    2.37669100    0.93752200 
S     2.01767900   -1.69777200   -0.67745200 
C     2.97275300    0.55921000    0.32081700 
C     3.37967600   -0.57828700   -0.40052900 
C     4.70496400   -0.72917500   -0.80404300 
H     5.02918600   -1.60190300   -1.36158500 
C     3.87017700    1.57194000    0.65834700 
 272
H     3.54646200    2.44493300    1.21531800 
C     5.19250100    1.41466000    0.25186500 
H     5.91660500    2.18469600    0.49793000 
C     5.60412900    0.28262100   -0.46932900 
H     6.64192000    0.19002100   -0.77360300 
C    -2.83900100   -3.02648200    1.42092400 
H    -3.89371100   -3.05301200    1.70625900 
H    -2.23321800   -3.01405300    2.33537300 
H    -2.59405600   -3.92516200    0.84986600 
Cl   -3.58811200   -1.73750300   -0.90182500 
 
 
2-8b 
M06 SCF energy in solution: -1738.39179870 a.u. 
B3LYP thermal correction to enthalpy in solution: 0.328028 a.u. 
B3LYP thermal correction to gibbs free energy in solution:                0.259029  a.u. 
 
Cartesian coordinates 
ATOM       X           Y           Z 
C    -1.21205800   -1.62982500   -0.46505800 
C    -2.68496700   -1.69140700   -0.08132200 
H    -3.08897600   -0.69316600    0.08790800 
O    -0.67904200   -2.42300600   -1.21950500 
N    -0.43426700   -0.61968900    0.11927800 
C     0.90671500   -0.57963900   -0.06955600 
N     1.48862600    0.39081900    0.62248800 
C     0.52387200    1.12690700    1.45408700 
C    -0.85454900    0.54743800    0.98450000 
C    -1.71855000    1.54437100    0.23821500 
C    -2.88178100    2.02686600    0.85032700 
C    -3.66950800    2.98562000    0.20892200 
C    -3.30200700    3.46253300   -1.04993000 
C    -2.14417300    2.98006800   -1.66748000 
C    -1.35310000    2.02726100   -1.02727400 
H    -0.45448400    1.65965900   -1.51754900 
H    -1.85612500    3.34664900   -2.64864700 
H    -3.91540700    4.20595100   -1.55104200 
H    -4.56950600    3.35436100    0.69250200 
H    -3.17011500    1.65529900    1.83120200 
H    -1.39563900    0.15051100    1.84408100 
H     0.72329700    0.92128600    2.50845300 
H     0.60426300    2.19774600    1.26271600 
S     1.98152700   -1.52153600   -1.02863300 
C     2.87082500    0.48235200    0.45325000 
C     3.32653400   -0.50840700   -0.43581200 
C     4.67841100   -0.61041900   -0.75724700 
 273
H     5.03955800   -1.37100800   -1.44220000 
C     3.74538700    1.39421900    1.04334100 
H     3.38301700    2.15354500    1.72819000 
C     5.09486700    1.28733700    0.71722900 
H     5.80270900    1.98165700    1.15872400 
C     5.55519300    0.30080600   -0.16921100 
H     6.61328900    0.24378700   -0.40434200 
C    -3.51248100   -2.46145700   -1.09084900 
H    -4.54999800   -2.52060200   -0.75312100 
H    -3.48975100   -1.92764700   -2.04819400 
H    -3.12075700   -3.46923000   -1.24407100 
Cl   -2.73057400   -2.50975500    1.57061200 
 
 
2-7a-TS1 
M06 SCF energy in solution: -2584.10547113 a.u. 
B3LYP thermal correction to enthalpy in solution: 0.639793 a.u. 
B3LYP thermal correction to gibbs free energy in solution:                0.527840 a.u. 
Imaginary frequency:    -215.9876 cm-1 
 
Cartesian coordinates 
ATOM       X           Y           Z 
C    -0.02229800    0.66390300   -1.43594100 
C    -0.56297800    2.07698600   -1.63666600 
H    -0.66372300    2.63118400   -0.70745800 
O    -0.12705100   -0.19033500   -2.30553000 
N     1.01913700    0.46983500   -0.43232100 
C     1.77431700   -0.63757600   -0.49835600 
N     2.63230200   -0.99810200    0.48026800 
C     1.12398700    1.35535300    0.76543800 
H     0.13434200    1.78897600    0.90807800 
O    -1.63753800    0.23242100    0.02514000 
C    -2.15362900   -1.03539800   -0.26805700 
C    -1.94968300   -2.03953300    0.87478600 
C    -1.82315600   -3.40746900    0.59458900 
C    -1.65172600   -4.33933500    1.61912100 
C    -1.60394500   -3.91681200    2.95005300 
C    -1.72744800   -2.55692600    3.24225900 
C    -1.89467100   -1.62634200    2.21259600 
H    -1.99162600   -0.56917400    2.44000300 
H    -1.69676200   -2.21809000    4.27553800 
H    -1.47273800   -4.64075200    3.75050700 
H    -1.59432600   -1.43242600   -1.13255300 
H    -2.41068200    1.06876600    0.74605500 
O    -3.06561500    1.70400000    1.38571500 
C    -2.52175200    2.83526600    1.75059000 
 274
C    -3.43280100    3.69250800    2.60754800 
O    -1.38541200    3.20896300    1.43939000 
S     1.82229000   -1.73949600   -1.86853600 
C     3.43403000   -2.10835200    0.17028100 
C     3.13287100   -2.63800000   -1.08822200 
C     3.80918100   -3.75565800   -1.57461900 
H     3.56975000   -4.17154800   -2.54871200 
C     4.43015500   -2.67048500    0.97160800 
H     4.67738100   -2.25565900    1.94260900 
C     5.10928500   -3.78351200    0.47868600 
H     5.88929500   -4.23695300    1.08259200 
C     4.80371400   -4.32254200   -0.77849500 
H     5.34743300   -5.19025100   -1.13930200 
C    -3.62568300   -1.00091900   -0.71743100 
C    -6.30141300   -0.91157100   -1.60054100 
C    -4.67642900   -0.81627600    0.19301300 
C    -3.94109100   -1.14015500   -2.07580800 
C    -5.26597000   -1.09606800   -2.51744800 
C    -6.00025000   -0.76941400   -0.24333300 
H    -4.45767800   -0.70684800    1.25065600 
H    -6.80019000   -0.62577000    0.47924200 
H    -7.33437000   -0.87949700   -1.93839400 
C     2.67506400   -0.33872200    1.79887100 
H     3.57025400    0.28972500    1.84414900 
H     2.75637100   -1.12560400    2.55270000 
C     1.40305900    0.46856200    1.98834100 
H     0.55011300   -0.20047600    2.13631400 
H     1.50301900    1.09925900    2.87532200 
H    -3.78609500    3.12174100    3.47315900 
H    -4.31814000    3.98112200    2.02931500 
H    -2.91049800    4.59064200    2.94278400 
H    -5.48719200   -1.20824900   -3.57632100 
H    -3.13779800   -1.28149100   -2.79555800 
H    -1.86280300   -3.74511300   -0.43938000 
H    -1.55359700   -5.39542500    1.37847400 
C     2.14827900    2.47546700    0.61093800 
C     1.88814000    3.68662100    1.26936900 
C     3.35283700    2.33315400   -0.09001300 
C     2.81932900    4.72489500    1.23743400 
H     0.93949800    3.81974600    1.78195800 
C     4.28225700    3.37463100   -0.12378100 
H     3.56707900    1.42205200   -0.64132500 
C     4.02186100    4.57114400    0.54508400 
H     2.59793300    5.65947200    1.74624100 
H     5.20759900    3.24963200   -0.68006800 
H     4.74514100    5.38179900    0.51597400 
 275
Cl    0.74820600    2.97824900   -2.60163700 
C    -1.85004800    2.10340100   -2.43877400 
H    -2.14287500    3.13929600   -2.63035400 
H    -1.73226300    1.58197700   -3.39151200 
H    -2.63349200    1.61215900   -1.85839000 
 
 
2-7b-TS1 
M06 SCF energy in solution: -2584.09883991 a.u. 
B3LYP thermal correction to enthalpy in solution: 0.638990 a.u. 
B3LYP thermal correction to gibbs free energy in solution:                0.526291 a.u. 
Imaginary frequency:    -464.9496 cm-1 
 
Cartesian coordinates 
ATOM       X           Y           Z 
C    -0.06818800    0.66801500   -1.41235000 
C    -0.58712000    2.09293500   -1.64905100 
H    -0.77209700    2.62128700   -0.71610800 
O    -0.12422200   -0.19293300   -2.28052700 
N     1.04354000    0.55502100   -0.44928300 
C     1.85284900   -0.50875900   -0.53494400 
N     2.75911200   -0.81874700    0.41914100 
C     1.14674800    1.45687600    0.73583000 
H     0.14396200    1.84934600    0.90588000 
O    -1.50724800    0.14025900    0.07048700 
C    -2.00298900   -1.14501700   -0.19839700 
C    -1.73356700   -2.12748700    0.94931600 
C    -1.57412100   -3.49448500    0.68163200 
C    -1.34616500   -4.40813500    1.71157400 
C    -1.27353800   -3.96813700    3.03567400 
C    -1.43001500   -2.60903800    3.31541000 
C    -1.65369700   -1.69646500    2.28048200 
H    -1.77967000   -0.64061700    2.49955500 
H    -1.38164200   -2.25668000    4.34350100 
H    -1.09834300   -4.67779700    3.84049900 
H    -1.45648400   -1.52800300   -1.07510000 
H    -2.27015600    0.92934400    0.78036400 
O    -2.93437800    1.53282800    1.48470900 
C    -2.49191300    2.72110000    1.77942300 
C    -3.43432600    3.52436700    2.65637900 
O    -1.41769800    3.19915600    1.38831700 
S     1.91650300   -1.61705200   -1.90146100 
C     3.61150200   -1.88448000    0.08702700 
C     3.30105100   -2.43610800   -1.15962200 
C     4.02377800   -3.51643000   -1.66318900 
H     3.77753600   -3.95077600   -2.62748300 
 276
C     4.66233900   -2.38605300    0.85776800 
H     4.91397200   -1.95529800    1.82054700 
C     5.38793700   -3.46146700    0.34730000 
H     6.21043000   -3.86730600    0.92826700 
C     5.07390000   -4.02267600   -0.89772200 
H     5.65384900   -4.86027800   -1.27298500 
C    -3.48744000   -1.16472500   -0.60164200 
C    -6.19073800   -1.22419200   -1.39676000 
C    -4.51472100   -0.97190300    0.33312300 
C    -3.83959900   -1.39035500   -1.93831600 
C    -5.17814200   -1.42009200   -2.33656500 
C    -5.85252200   -0.99649700   -0.06041700 
H    -4.26806300   -0.79401300    1.37500200 
H    -6.63396800   -0.84235900    0.68014000 
H    -7.23438300   -1.24779200   -1.70115600 
C     2.80421400   -0.15808300    1.73691700 
H     3.67645900    0.50269700    1.76516800 
H     2.93238100   -0.94093100    2.48877100 
C     1.50768500    0.60117200    1.95880300 
H     0.68746600   -0.09959200    2.14116700 
H     1.61036900    1.24591900    2.83554100 
H    -3.77724300    2.92336600    3.50475800 
H    -4.32237600    3.80021900    2.07516600 
H    -2.94595700    4.43357200    3.01328000 
H    -5.42774800   -1.59604200   -3.38037000 
H    -3.05455900   -1.53281800   -2.67709900 
H    -1.63443600   -3.84616800   -0.34656500 
H    -1.22331500   -5.46370200    1.48021000 
C     0.37679900    2.85298000   -2.56366900 
H     1.36583600    2.93465800   -2.10272000 
H     0.47732300    2.34119000   -3.52534500 
H     0.00075400    3.86453100   -2.73961800 
Cl   -2.20643300    2.01485700   -2.47090300 
C     2.10437400    2.62718400    0.52318800 
C     1.75005400    3.87019400    1.07004700 
C     3.33396700    2.51106700   -0.14267000 
C     2.61351000    4.96200500    0.96849000 
H     0.78350500    3.98069900    1.55357400 
C     4.19395700    3.60651300   -0.24766400 
H     3.62729300    1.57241000   -0.60430500 
C     3.83887300    4.83447200    0.31211400 
H     2.31899000    5.91835700    1.39252300 
H     5.13945000    3.49771700   -0.77255000 
H     4.50756000    5.68694600    0.22820300 
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2-7a-TS-cornforth 
M06 SCF energy in solution: -2584.09166174 a.u. 
B3LYP thermal correction to enthalpy in solution: 0.638439 a.u. 
B3LYP thermal correction to gibbs free energy in solution:                0.525349 a.u. 
Imaginary frequency:    -784.2549 cm-1 
 
Cartesian coordinates 
ATOM       X           Y           Z 
C     0.04674400    0.33682600   -1.52847700 
C    -0.50259900    1.61100800   -2.19671700 
H    -1.47375100    1.29359500   -2.57102400 
O    -0.03982600   -0.66741600   -2.23112400 
N     1.09952600    0.33566600   -0.52653600 
C     1.92883700   -0.72877100   -0.48937100 
N     2.83040100   -0.91768900    0.49589200 
C     1.13955700    1.31624700    0.60191300 
H     0.12051000    1.66734000    0.74276500 
O    -1.56229600    0.12125000   -0.06617000 
C    -2.22357100   -1.09898400   -0.29217700 
C    -2.34502600   -1.96181200    0.97281300 
C    -2.78215400   -3.29088000    0.86174700 
C    -2.87201900   -4.11371300    1.98342600 
C    -2.52728200   -3.61957400    3.24504600 
C    -2.09390600   -2.29949800    3.36644500 
C    -2.00148100   -1.47614300    2.23915200 
H    -1.66093400   -0.45177900    2.34136300 
H    -1.82786400   -1.90200200    4.34340900 
H    -2.59879900   -4.25812800    4.12209200 
H    -1.59123000   -1.67171100   -0.98899200 
H    -2.19637800    0.92305300    0.57628900 
O    -2.89702100    1.68336900    1.23597700 
C    -2.30529900    2.33335600    2.18738200 
C    -3.23100900    3.26347500    2.96234700 
O    -1.10350100    2.24662500    2.48855200 
S     2.04686700   -1.96198900   -1.74016700 
C     3.72761800   -1.97463600    0.27229500 
C     3.45630000   -2.65000900   -0.92134200 
C     4.22466100   -3.74460500   -1.31590800 
H     4.00735100   -4.27574700   -2.23767500 
C     4.78680000   -2.36204000    1.09674000 
H     5.01289600   -1.83413200    2.01661000 
C     5.55922300   -3.44973900    0.69379100 
H     6.38990100   -3.76709500    1.31669600 
C     5.28262500   -4.13593000   -0.49689600 
H     5.89844000   -4.98170400   -0.78711800 
C    -3.56879800   -0.91790300   -1.01048100 
 278
C    -5.99700300   -0.56429200   -2.39344100 
C    -4.68741100   -0.37185800   -0.36340300 
C    -3.68847700   -1.28275600   -2.35782400 
C    -4.89224600   -1.11001200   -3.04696100 
C    -5.88794300   -0.19330300   -1.04989500 
H    -4.60790800   -0.06448000    0.67420300 
H    -6.74309900    0.23693700   -0.53399700 
H    -6.93565900   -0.42681900   -2.92477800 
C     2.83363400   -0.13655400    1.74856000 
H     3.66466300    0.57516600    1.71196900 
H     3.00472300   -0.83936900    2.56722400 
C     1.49308200    0.55603600    1.88608200 
H     0.70263200   -0.17207600    2.08807700 
H     1.51535400    1.26022700    2.71887700 
H    -4.06428500    2.69319700    3.38881400 
H    -3.66595900    4.00658600    2.28394200 
H    -2.68966700    3.77345200    3.76271000 
H    -4.96400700   -1.40132300   -4.09240900 
H    -2.82621000   -1.69983000   -2.87344700 
H    -3.05737400   -3.68240500   -0.11544400 
H    -3.21097200   -5.14129900    1.87400800 
C     2.07291500    2.49418700    0.35248800 
C     1.84686700    3.65809400    1.10474600 
C     3.15586000    2.46306700   -0.53300600 
C     2.69228600    4.75810300    0.97800800 
H     0.99317100    3.69301800    1.77718500 
C     4.00199500    3.56966900   -0.66199700 
H     3.34490800    1.58340900   -1.14185800 
C     3.77443500    4.71847300    0.09372500 
H     2.49884300    5.65368800    1.56267600 
H     4.83522900    3.52943700   -1.35891000 
H     4.42973400    5.57936000   -0.00836700 
Cl   -0.86093600    3.08858600   -1.20267600 
C     0.41486100    2.01322900   -3.35644000 
H    -0.05789100    2.80822200   -3.93951300 
H     1.38057300    2.37943600   -2.99496500 
H     0.57830100    1.15063400   -4.00983700 
 
 
2-7b-TS-cornforth 
M06 SCF energy in solution: -2584.09650579 a.u. 
B3LYP thermal correction to enthalpy in solution: 0.638837 a.u. 
B3LYP thermal correction to gibbs free energy in solution:                0.525133 a.u. 
Imaginary frequency:    -681.4541 cm-1 
 
Cartesian coordinates 
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ATOM       X           Y           Z 
C    -0.04268300    0.39962800    1.47573300 
C     0.50836300    1.72919800    2.01519200 
H     1.37740200    1.41529800    2.59031200 
O     0.05931000   -0.58288200    2.20092400 
N    -1.07892600    0.34931300    0.45571600 
C    -1.90169900   -0.71935500    0.44656400 
N    -2.78122800   -0.95356900   -0.54918600 
C    -1.09769000    1.27651300   -0.71282100 
H    -0.07822000    1.63200500   -0.83668800 
O     1.62381300    0.18463100    0.03503800 
C     2.29651300   -1.01014500    0.33493600 
C     2.42308800   -1.95148000   -0.87111100 
C     2.86011700   -3.27088400   -0.67525500 
C     2.96368600   -4.15984000   -1.74389200 
C     2.63251500   -3.74387400   -3.03714800 
C     2.19846300   -2.43467100   -3.24334100 
C     2.09230300   -1.54524500   -2.16848200 
H     1.74845600   -0.53021800   -2.33546800 
H     1.94163000   -2.09818900   -4.24539900 
H     2.71383600   -4.43495600   -3.87257200 
H     1.68037300   -1.54689000    1.07530300 
H     2.29323000    0.99947300   -0.67245200 
O     2.95654600    1.74716500   -1.27986700 
C     2.37718100    2.31143600   -2.30434300 
C     3.30915100    3.20265800   -3.10900500 
O     1.19207200    2.16322600   -2.62697200 
S    -2.02829500   -1.90498100    1.73844700 
C    -3.67509300   -2.00761600   -0.30046000 
C    -3.41998400   -2.63332400    0.92368100 
C    -4.18821500   -3.71723900    1.34730300 
H    -3.98447200   -4.21004400    2.29311200 
C    -4.71643500   -2.43503200   -1.12753900 
H    -4.93030800   -1.94420200   -2.07063200 
C    -5.48845800   -3.51195600   -0.69599900 
H    -6.30582400   -3.85944800   -1.32042800 
C    -5.22846500   -4.14848400    0.52558000 
H    -5.84408600   -4.98638000    0.83812400 
C     3.64603400   -0.75652800    1.02324400 
C     6.07411600   -0.22950300    2.35070800 
C     4.79063200   -0.38749000    0.30205500 
C     3.73988800   -0.85814400    2.41771600 
C     4.94227600   -0.59633100    3.07971400 
C     5.99233700   -0.12393900    0.95949700 
H     4.73745700   -0.29806400   -0.77866600 
H     6.86937700    0.16156200    0.38338900 
 280
H     7.01287200   -0.02794400    2.86090400 
C    -2.74831100   -0.23512500   -1.83832200 
H    -3.57968100    0.47674100   -1.86219600 
H    -2.89380500   -0.97759400   -2.62659300 
C    -1.40311500    0.45153700   -1.97045800 
H    -0.60662400   -0.28494200   -2.10734900 
H    -1.39987700    1.11072400   -2.83949000 
H     4.13866700    2.60772300   -3.50813900 
H     3.74812900    3.96963600   -2.46117100 
H     2.77263600    3.67914800   -3.93228300 
H     4.99370100   -0.68327100    4.16257100 
H     2.85871600   -1.14244400    2.98888900 
H     3.12480400   -3.60172000    0.32697000 
H     3.30205800   -5.17843400   -1.56844700 
C     0.85183500    2.95197800    1.18692800 
H     1.61733100    2.69616200    0.45256200 
H    -0.01226100    3.39511500    0.69181300 
H     1.27304000    3.70583400    1.85929300 
Cl   -0.72675500    2.23774000    3.31782900 
C    -2.06017100    2.44939700   -0.55917300 
C    -1.88106700    3.54195900   -1.42450400 
C    -3.12559000    2.47257000    0.34667200 
C    -2.75622300    4.62598600   -1.38658600 
H    -1.04157300    3.53880700   -2.11590200 
C    -4.00143300    3.56175000    0.38406700 
H    -3.26901000    1.65489200    1.04598100 
C    -3.82379300    4.63762400   -0.48448300 
H    -2.59990900    5.46564400   -2.05867300 
H    -4.81934900    3.56641600    1.09971300 
H    -4.50444000    5.48418500   -0.45335300 
 
 
2-8a-TS 
M06 SCF energy in solution: -2544.79002062 a.u. 
B3LYP thermal correction to enthalpy in solution: 0.608593 a.u. 
B3LYP thermal correction to gibbs free energy in solution:                0.496428  a.u. 
Imaginary frequency:    - 265.8496 cm-1 
 
Cartesian coordinates 
ATOM       X           Y           Z 
C     0.04801400    0.81015700   -1.58715900 
C    -0.51101900    2.22634400   -1.59391900 
H    -0.51531400    2.66414400   -0.59833200 
O    -0.08719400    0.03447300   -2.52277100 
N     1.12762600    0.53121000   -0.66638500 
C     1.81404400   -0.60656400   -0.78919500 
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N     2.52090800   -0.91790400    0.30100200 
C     2.20932500   -0.00408500    1.40905400 
C     1.37653400    1.12031300    0.70202700 
C     2.10854200    2.44962000    0.67634300 
C     1.64171800    3.49116000    1.48748500 
C     2.33229000    4.70463700    1.54000500 
C     3.49078400    4.88691200    0.78526000 
C     3.96210200    3.84914100   -0.02387700 
C     3.27704500    2.63673800   -0.07567500 
H     3.64721200    1.84171600   -0.71836800 
H     4.86135800    3.98671500   -0.61837200 
H     4.02435500    5.83292300    0.82304300 
H     1.96002300    5.50739800    2.17096800 
H     0.74450600    3.34076500    2.08242900 
H     0.40753700    1.22205700    1.19515600 
H     1.62694400   -0.53889500    2.16438100 
H     3.12629400    0.38597400    1.85336100 
O    -1.45570400    0.24030000   -0.04612600 
C    -2.00397300   -1.00861200   -0.35445600 
H    -1.50104000   -1.37871100   -1.26582700 
H    -2.15679600    1.08319400    0.68572200 
O    -2.74215100    1.86644600    1.24801500 
C    -2.15149300    2.28698100    2.33363000 
C    -2.96364300    3.31423200    3.10228000 
O    -1.03965600    1.91446200    2.73069400 
S     1.96647000   -1.75403100   -2.07591600 
C     3.27113100   -2.08811000    0.20440300 
C     3.10781800   -2.68189800   -1.06012100 
C     3.77051300   -3.86380100   -1.37933300 
H     3.64699900   -4.33035400   -2.35182400 
C     4.09611400   -2.65662000    1.17368100 
H     4.21453200   -2.19237000    2.14726600 
C     4.75787500   -3.83904300    0.84637400 
H     5.40631700   -4.30392000    1.58256500 
C     4.59992900   -4.43465400   -0.41243600 
H     5.12849600   -5.35471300   -0.64206200 
C    -1.86165300    2.33748400   -2.27357200 
H    -2.16181600    3.38701300   -2.33331200 
H    -2.59873900    1.78932600   -1.68486600 
H    -1.82429700    1.91744800   -3.28152100 
H    -3.93751200    2.89287600    3.37562900 
H    -3.15839300    4.18645300    2.46764800 
H    -2.43348400    3.62785500    4.00388500 
Cl    0.71515700    3.24389800   -2.55128300 
C    -3.49722800   -0.93161800   -0.71176900 
C    -3.89641600   -0.98405800   -2.05354400 
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C    -4.48493000   -0.77893000    0.27208100 
C    -5.24440200   -0.88741500   -2.40851600 
H    -3.14044600   -1.09608000   -2.82776800 
C    -5.83133900   -0.67876800   -0.07769800 
H    -4.19738500   -0.73916300    1.31871600 
C    -6.21709800   -0.73467000   -1.41983100 
H    -5.53235900   -0.93303200   -3.45625100 
H    -6.58267400   -0.56100900    0.69959600 
H    -7.26746300   -0.66120500   -1.69090400 
C    -1.74528000   -2.05480200    0.74143600 
C    -1.89931800   -3.42031400    0.45938300 
C    -1.35010400   -1.67858700    2.03086400 
C    -1.66871700   -4.38637000    1.43852400 
H    -2.20876700   -3.72735900   -0.53791800 
C    -1.12378900   -2.64589800    3.01630900 
H    -1.22504700   -0.62413500    2.25911300 
C    -1.27910900   -4.00180500    2.72498700 
H    -1.79138500   -5.43992900    1.19793900 
H    -0.82876100   -2.33511900    4.01640200 
H    -1.10180100   -4.75280300    3.49099900 
 
 
2-8b-TS 
M06 SCF energy in solution: -2544.78363672 a.u. 
B3LYP thermal correction to enthalpy in solution: 0.607906 a.u. 
B3LYP thermal correction to gibbs free energy in solution:                0.495416  a.u. 
Imaginary frequency:    - 586.9002 cm-1 
 
Cartesian coordinates 
ATOM       X           Y           Z 
C    -0.08156000    0.85001700   -1.59299700 
C    -0.71423800    2.24217600   -1.63849600 
H    -0.85304000    2.63604000   -0.63330300 
O    -0.11634100    0.06056000   -2.52669900 
N     1.06529600    0.72621800   -0.69858900 
C     1.87368900   -0.32572000   -0.83081400 
N     2.65349300   -0.53330900    0.23550700 
C     2.27155600    0.35218600    1.34507100 
C     1.28598400    1.35782400    0.65835600 
C     1.84841100    2.76612000    0.58421500 
C     1.19323500    3.79791700    1.26731900 
C     1.71393300    5.09484900    1.25023600 
C     2.88927000    5.37174100    0.55223100 
C     3.55230200    4.34449300   -0.12604900 
C     3.03660800    3.04940000   -0.10757800 
H     3.56155800    2.25834800   -0.63877700 
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H     4.47010400    4.55272400   -0.66955600 
H     3.29111000    6.38126800    0.53722700 
H     1.19722500    5.88782800    1.78414400 
H     0.28752900    3.57238800    1.82441400 
H     0.32663900    1.35514300    1.18287900 
H     1.78219500   -0.24017700    2.12266300 
H     3.14899700    0.85412400    1.75584900 
O    -1.40161400    0.10872100   -0.06866300 
C    -1.76413800   -1.22253200   -0.31895900 
H    -1.29805100   -1.51225200   -1.27583700 
H    -2.18949000    0.82451200    0.60661900 
O    -2.89867200    1.52399800    1.21815200 
C    -2.35756400    2.03799400    2.27982400 
C    -3.31122400    2.89519000    3.09748600 
O    -1.17800000    1.88236900    2.63822000 
S     2.09729500   -1.48103900   -2.10005000 
C     3.52248400   -1.61828300    0.12875200 
C     3.37595900   -2.25284000   -1.11790300 
C     4.15030000   -3.36174100   -1.44626200 
H     4.03872900   -3.85737000   -2.40587300 
C     4.44018000   -2.07737100    1.07274200 
H     4.54473600   -1.58743200    2.03521800 
C     5.21300000   -3.18814600    0.73669000 
H     5.93433600   -3.56739300    1.45403300 
C     5.07360900   -3.82146000   -0.50553000 
H     5.68837100   -4.68444000   -0.74214100 
C     0.13366800    3.17966500   -2.50196700 
H    -0.32270600    4.17281300   -2.53223200 
H     0.20612500    2.79416500   -3.52309100 
H     1.14252700    3.28109200   -2.09086900 
H    -4.19277900    2.30928800    3.38035200 
H    -3.66842000    3.73625900    2.49202400 
H    -2.81838400    3.27441200    3.99545400 
Cl   -2.37280800    2.14436900   -2.36314800 
C    -3.27578300   -1.40424000   -0.52344500 
C    -3.79281200   -1.48112800   -1.82285400 
C    -4.16781100   -1.48056800    0.55504400 
C    -5.16330700   -1.63127700   -2.04427300 
H    -3.11240300   -1.41473000   -2.66845600 
C    -5.53807100   -1.62812200    0.33882800 
H    -3.78833100   -1.42950200    1.57138800 
C    -6.04134200   -1.70635100   -0.96209400 
H    -5.54338700   -1.68994400   -3.06146100 
H    -6.21458300   -1.68537800    1.18830000 
H    -7.10902200   -1.82530500   -1.12968500 
C    -1.22083000   -2.18164100    0.74956200 
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C    -1.02506000   -3.53634600    0.44424100 
C    -0.91736200   -1.73732600    2.04380700 
C    -0.54360200   -4.42762400    1.40384200 
H    -1.25703300   -3.89676300   -0.55625900 
C    -0.44156700   -2.63087000    3.00928200 
H    -1.05023700   -0.68738200    2.28925400 
C    -0.25091000   -3.97763500    2.69395600 
H    -0.39592100   -5.47345000    1.14435000 
H    -0.22307300   -2.27172200    4.01285100 
H     0.12115100   -4.67047300    3.44475100 
 
 
2-7a-TS2 
M06 SCF energy in solution: -2353.08649532 a.u. 
B3LYP thermal correction to enthalpy in solution: 0.553578 a.u. 
B3LYP thermal correction to gibbs free energy in solution:                0.450294 a.u. 
Imaginary frequency:    -437.8358 cm-1 
 
Cartesian coordinates 
ATOM       X           Y           Z 
C    -0.74745900    0.08061400    1.60414200 
C    -2.24242900   -0.13993600    1.84227800 
H    -2.82484800   -0.14734000    0.92463000 
O     0.00780800    0.33567600    2.53583300 
N    -0.15692200   -0.56926000    0.42578700 
C     1.16975800   -0.74529800    0.39802700 
N     1.83669900   -1.12503700   -0.71501200 
C    -0.95428900   -0.76774300   -0.82135900 
H    -1.76939400   -0.04539400   -0.77908700 
O    -1.06545100    1.86574900    0.55844800 
C    -0.29249800    2.89512700    1.12012200 
C     0.76818300    3.42735800    0.16695500 
C     2.08395700    3.64618900    0.59169100 
C     3.04830500    4.14922400   -0.28676100 
C     2.70775700    4.43750300   -1.60904100 
C     1.39642300    4.22345700   -2.04481100 
C     0.43681800    3.72423100   -1.16383800 
H    -0.58436000    3.56451700   -1.49965300 
H     1.12076400    4.45265300   -3.07172100 
H     3.45586300    4.82719400   -2.29499100 
H     0.19705500    2.52910400    2.03710600 
H    -2.19554000    2.33573200    0.14896300 
O    -3.15120600    2.86002900   -0.20276400 
C    -3.93983900    2.06194900   -0.86951200 
C    -5.19026500    2.74093300   -1.39734400 
O    -3.72170300    0.86146600   -1.07496700 
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S     2.23662700   -0.55598800    1.78525100 
C     3.20361800   -1.37829600   -0.51550100 
C     3.59497000   -1.13134900    0.80403800 
C     4.91783000   -1.31402800    1.20329900 
H     5.22245900   -1.11627400    2.22664100 
C     4.12069400   -1.82588800   -1.46882000 
H     3.82150200   -2.02969900   -2.49103100 
C     5.44140000   -2.01403300   -1.06376300 
H     6.17092700   -2.36514400   -1.78722600 
C     5.83832700   -1.76147300    0.25610700 
H     6.87284400   -1.91641300    0.54727400 
C     1.20708300   -1.17945700   -2.04747900 
H     1.02394500   -2.22718400   -2.30650600 
H     1.91917500   -0.76063400   -2.76213800 
C    -0.07786300   -0.37021100   -2.01848800 
H     0.14734300    0.69817200   -1.94213500 
H    -0.63416200   -0.53844300   -2.94417600 
H    -4.91285500    3.53815200   -2.09680400 
H    -5.73739200    3.21286200   -0.57379200 
H    -5.83553000    2.01989500   -1.90316800 
H     2.35720700    3.41744300    1.61999600 
H     4.06597900    4.31051600    0.06134400 
C    -1.53937200   -2.16937200   -0.95816300 
C    -2.78698300   -2.29085200   -1.58816900 
C    -0.87125800   -3.33217400   -0.55245100 
C    -3.34376100   -3.54871800   -1.82108100 
H    -3.32857600   -1.39243900   -1.87095400 
C    -1.43140700   -4.59018000   -0.78380800 
H     0.07879100   -3.26887200   -0.02969700 
C    -2.66599000   -4.70290700   -1.42429100 
H    -4.31465300   -3.62453000   -2.30373100 
H    -0.90320000   -5.48133800   -0.45505500 
H    -3.10275900   -5.68236800   -1.60053000 
Cl   -2.39565700   -1.86096400    2.52457800 
C    -2.82292200    0.83210600    2.85445200 
H    -3.85150100    0.54761800    3.09225500 
H    -2.23151500    0.84318600    3.77292200 
H    -0.94304300    3.73221500    1.43171900 
 
 
2-7b-TS2 
M06 SCF energy in solution: -2353.08211268 a.u. 
B3LYP thermal correction to enthalpy in solution: 0.553456 a.u. 
B3LYP thermal correction to gibbs free energy in solution:                0.450796 a.u. 
Imaginary frequency:    -692.7425 cm-1 
 
 286
Cartesian coordinates 
ATOM       X           Y           Z 
C    -0.76277300    0.04712400    1.56378600 
C    -2.20709700   -0.40888500    1.82763000 
H    -2.79908300   -0.45153100    0.91563600 
O    -0.03963900    0.41925200    2.48226900 
N    -0.08984800   -0.64832300    0.43862200 
C     1.24655800   -0.68350000    0.42885500 
N     1.96321100   -1.06982200   -0.65117500 
C    -0.84288300   -1.02250000   -0.79455800 
H    -1.74042200   -0.40273500   -0.80583300 
O    -1.19051000    1.65775500    0.41263800 
C    -0.60501200    2.82685600    0.94115100 
C     0.39988900    3.45421100   -0.01176000 
C     1.68744000    3.80008100    0.41374300 
C     2.59970700    4.39190100   -0.46523900 
C     2.23449300    4.64135600   -1.78854900 
C     0.95093100    4.29843300   -2.22574100 
C     0.04299200    3.71109100   -1.34485400 
H    -0.95750500    3.45028100   -1.68119700 
H     0.65652400    4.49597800   -3.25405400 
H     2.94146000    5.10141400   -2.47458500 
H    -0.10867000    2.58223600    1.89166400 
H    -2.29277600    1.94085400   -0.06474700 
O    -3.28395100    2.35913000   -0.58075900 
C    -4.00215400    1.43295400   -1.13532800 
C    -5.26789500    1.94222800   -1.80462700 
O    -3.72852200    0.22110600   -1.13582300 
S     2.27212000   -0.29735700    1.80807100 
C     3.34533000   -1.17433700   -0.42532400 
C     3.69354800   -0.80074200    0.87632500 
C     5.02288000   -0.82401400    1.29468800 
H     5.29428000   -0.52741000    2.30347800 
C     4.31321900   -1.59610600   -1.33934100 
H     4.04832000   -1.89823200   -2.34668100 
C     5.64089600   -1.62547700   -0.91435000 
H     6.41031900   -1.95252600   -1.60717000 
C     5.99470000   -1.24351000    0.38648200 
H     7.03570500   -1.27483800    0.69345600 
C     1.36529500   -1.26571200   -1.98456300 
H     1.31170500   -2.33975300   -2.19069700 
H     2.03611000   -0.80341300   -2.71261400 
C    -0.00500800   -0.61064600   -2.01397300 
H     0.09560600    0.47921600   -2.00652600 
H    -0.52805200   -0.90008300   -2.92901800 
H    -5.03162000    2.76401400   -2.48911200 
 287
H    -5.94840900    2.34290500   -1.04396800 
H    -5.76949700    1.13792700   -2.34738800 
H     1.97833600    3.60475100    1.44398300 
H     3.59573800    4.65422700   -0.11604600 
C    -2.21039500   -1.73851300    2.58138700 
H    -1.72476800   -2.51750200    1.98449000 
H    -1.67945100   -1.64187700    3.53282100 
H    -3.23829700   -2.05482300    2.77900200 
Cl   -3.03788400    0.84147900    2.86146300 
C    -1.26301300   -2.48940600   -0.82377400 
C    -2.50475100   -2.80122500   -1.39888200 
C    -0.45477600   -3.53581100   -0.35592100 
C    -2.91717200   -4.12914200   -1.51750200 
H    -3.15337300   -1.99427000   -1.72843100 
C    -0.87212600   -4.86397700   -0.47106300 
H     0.49893800   -3.32675300    0.12073700 
C    -2.10191700   -5.16514800   -1.05776500 
H    -3.88434400   -4.35214000   -1.96034300 
H    -0.23473600   -5.66125000   -0.09766500 
H    -2.42661800   -6.19848800   -1.14550500 
H    -1.39329700    3.55995700    1.17797600 
 
 
2-7a-TS3 
M06 SCF energy in solution: -2891.34512774 a.u. 
B3LYP thermal correction to enthalpy in solution: 0.739444 a.u. 
B3LYP thermal correction to gibbs free energy in solution:                0.616054 a.u. 
Imaginary frequency:    -164.6341 cm-1 
 
Cartesian coordinates 
ATOM       X           Y           Z 
C    -0.57364200   -1.01824900   -1.21068400 
C    -0.50323600   -2.54141800   -1.29311800 
H    -0.76169700   -3.02951300   -0.35739800 
O    -0.06413300   -0.30455300   -2.06521300 
N    -1.64132600   -0.43283000   -0.41050700 
C    -1.97193100    0.85180200   -0.62370500 
N    -2.82748400    1.52991800    0.17157300 
C    -2.23671900   -1.16149500    0.74964400 
H    -1.47340300   -1.86273100    1.08753300 
O     0.87599500   -1.02224700    0.48293100 
C     1.80515100    0.01169000    0.29820900 
H     1.56777700    0.49062200   -0.66075000 
H     1.21165800   -2.03818900    1.33393300 
O     1.50990700   -2.82001400    2.05497100 
C     0.56151700   -3.67425600    2.33988200 
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C     0.99472000   -4.74858900    3.31784200 
O    -0.58252800   -3.64616100    1.87368200 
S    -1.39649900    1.82605500   -1.96965800 
C    -3.13659500    2.82416000   -0.27727900 
C    -2.44660500    3.15109400   -1.44836600 
C    -2.60622100    4.39870700   -2.04908000 
H    -2.06267500    4.65379500   -2.95371200 
C    -4.01725800    3.72993400    0.31842400 
H    -4.56293600    3.47865900    1.22130300 
C    -4.18046500    4.97356200   -0.28941100 
H    -4.86175000    5.69317200    0.15416000 
C    -3.48350100    5.30714900   -1.45883600 
H    -3.62709800    6.28293400   -1.91270200 
C    -3.34044800    0.99418200    1.44609200 
H    -4.37886100    0.67964500    1.29945200 
H    -3.31863400    1.80887600    2.17359700 
C    -2.45088800   -0.15411500    1.88837000 
H    -1.47605600    0.22959300    2.20347900 
H    -2.91102100   -0.66545900    2.73758600 
H     1.37914600   -4.29107700    4.23607300 
H     1.81284500   -5.33443700    2.88362200 
H     0.15919600   -5.40985500    3.55562100 
C    -3.50919100   -1.92779000    0.40229300 
C    -3.74882800   -3.13234500    1.07991200 
C    -4.47074300   -1.45940100   -0.50293200 
C    -4.93092500   -3.84207200    0.86639900 
H    -2.99103000   -3.52365100    1.75277600 
C    -5.65114200   -2.17293200   -0.71831900 
H    -4.29764900   -0.55060500   -1.07275400 
C    -5.88791200   -3.36350000   -0.03014900 
H    -5.09704300   -4.77800500    1.39348400 
H    -6.38095500   -1.79929300   -1.43179500 
H    -6.80537400   -3.92026200   -0.20153100 
Cl   -1.84276500   -3.03020600   -2.48796300 
C     0.82050200   -3.05141200   -1.82907900 
H     0.77346700   -4.13783900   -1.94396600 
H     1.05948400   -2.60026800   -2.79407100 
H     1.60581000   -2.80110900   -1.11399600 
C     1.67968300    1.11016500    1.37229900 
C     2.07703500    2.46695200    1.11550600 
C     1.16324000    0.79205300    2.61420300 
C     2.62837200    2.89498800   -0.12654900 
C     1.90996300    3.45422800    2.14824700 
C     1.02177400    1.76035300    3.63717700 
H     0.86389700   -0.23404300    2.79978300 
C     2.97981800    4.21003600   -0.34113600 
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H     2.78905700    2.17315900   -0.91911600 
C     2.28196800    4.80227800    1.89232400 
C     1.38182100    3.06716600    3.40932400 
H     0.62597300    1.46125900    4.60501300 
C     2.80353400    5.17756500    0.67558700 
H     3.40031700    4.50570000   -1.29885800 
H     2.14828800    5.53568700    2.68474400 
H     1.27287300    3.82047600    4.18640800 
H     3.08545500    6.21167800    0.49476500 
C     3.26273900   -0.50311000    0.21199500 
C     3.93083000   -0.71237100   -1.04596200 
C     3.94474500   -0.79932700    1.37866900 
C     3.32938100   -0.45470700   -2.31340900 
C     5.28491100   -1.20303700   -1.04493100 
C     5.26653100   -1.29674800    1.37501700 
H     3.45447800   -0.64084000    2.33331100 
C     4.01661100   -0.65452300   -3.49171600 
H     2.29903300   -0.12501100   -2.36236400 
C     5.96291200   -1.39753000   -2.27964300 
C     5.92885200   -1.48957000    0.18677600 
H     5.75721600   -1.51554400    2.32010700 
C     5.34919900   -1.12712900   -3.48041800 
H     3.52392600   -0.45362900   -4.43985800 
H     6.98579400   -1.76724200   -2.25363600 
H     6.95134000   -1.86023400    0.17070000 
H     5.88053200   -1.28022500   -4.41630400 
 
 
2-7b-TS3 
M06 SCF energy in solution: -2891.33823643 a.u. 
B3LYP thermal correction to enthalpy in solution: 0.738584 a.u. 
B3LYP thermal correction to gibbs free energy in solution:                0.616201 a.u. 
Imaginary frequency:    -482.5303 cm-1 
 
Cartesian coordinates 
ATOM       X           Y           Z 
C    -0.55652100   -1.05024000   -1.24044200 
C    -0.56423600   -2.57633200   -1.40694200 
H    -0.76586800   -3.08659400   -0.46759600 
O    -0.05202900   -0.30701600   -2.07305100 
N    -1.68564100   -0.50065700   -0.47255500 
C    -2.02555400    0.78279400   -0.66714100 
N    -2.91182400    1.43428000    0.11797600 
C    -2.30073500   -1.25869600    0.65771200 
H    -1.53877500   -1.96070200    0.99972400 
O     0.76718600   -1.01212000    0.45561000 
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C     1.69946100    0.03124600    0.31904300 
H     1.48757500    0.51356900   -0.64185200 
H     1.09033100   -1.99831200    1.24001300 
O     1.38379700   -2.79793500    2.00455200 
C     0.47698200   -3.70257800    2.23040800 
C     0.91932700   -4.78064900    3.20316800 
O    -0.65132500   -3.72956200    1.71710200 
S    -1.42747700    1.79252900   -1.97840400 
C    -3.22717900    2.73305700   -0.31406000 
C    -2.51222100    3.09193400   -1.46046300 
C    -2.67398300    4.34888900   -2.04063300 
H    -2.11059300    4.62971300   -2.92529900 
C    -4.13476900    3.61514400    0.27647600 
H    -4.69828000    3.33953900    1.16114100 
C    -4.30012300    4.86829300   -0.31129400 
H    -5.00164600    5.57024500    0.12902900 
C    -3.57881900    5.23384900   -1.45594100 
H    -3.72401900    6.21645000   -1.89431800 
C    -3.44515800    0.87151400    1.37231000 
H    -4.47959400    0.55608200    1.20090200 
H    -3.44114600    1.67231800    2.11565300 
C    -2.55889800   -0.28062400    1.81201800 
H    -1.59626800    0.10257500    2.16213600 
H    -3.03766400   -0.81493100    2.63647400 
H     1.29914900   -4.32850500    4.12573400 
H     1.74348400   -5.35339900    2.76224400 
H     0.09247500   -5.45599100    3.43302800 
C    -1.55721800   -2.97004500   -2.50443700 
H    -2.57136200   -2.65300100   -2.24380000 
H    -1.27760000   -2.51085000   -3.45719000 
H    -1.56285500   -4.05684400   -2.62467500 
Cl    1.08336900   -3.15182100   -1.90544300 
C    -3.55137300   -2.03773900    0.25901900 
C    -3.77221400   -3.27779500    0.87778800 
C    -4.50963300   -1.55461700   -0.64406300 
C    -4.93188100   -4.00649300    0.61042200 
H    -3.01624400   -3.67834800    1.54722800 
C    -5.66712200   -2.28859900   -0.91449600 
H    -4.35464200   -0.61261400   -1.16346100 
C    -5.88457900   -3.51412000   -0.28345800 
H    -5.08364600   -4.96779800    1.09430400 
H    -6.39497100   -1.90122600   -1.62259200 
H    -6.78430900   -4.08555300   -0.49527100 
C     1.51973700    1.11198100    1.40290600 
C     1.88766000    2.48157500    1.17104900 
C     0.99139600    0.76366700    2.63205700 
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C     2.44577500    2.94150200   -0.05670500 
C     1.68486600    3.44876900    2.21662500 
C     0.81181100    1.71343900    3.66610800 
H     0.71679000   -0.27232600    2.80088300 
C     2.77100900    4.26719400   -0.24563000 
H     2.63398100    2.23683100   -0.85856000 
C     2.03162900    4.80829700    1.98717700 
C     1.14638400    3.03117600    3.46335900 
H     0.40834300    1.39114000    4.62327400 
C     2.56144100    5.21422600    0.78394800 
H     3.19771600    4.58687700   -1.19285600 
H     1.87192100    5.52576700    2.78929000 
H     1.00954900    3.76986200    4.25000600 
H     2.82433600    6.25673400    0.62369400 
C     3.17020900   -0.44857900    0.28308600 
C     3.91952200   -0.53362800   -0.94224600 
C     3.80036500   -0.78514800    1.46746800 
C     3.36674000   -0.25744100   -2.22739600 
C     5.30631500   -0.91795800   -0.88742700 
C     5.15097500   -1.19520200    1.51330900 
H     3.24715200   -0.72555000    2.39852900 
C     4.13495300   -0.32019900   -3.37004100 
H     2.31113000   -0.03454600   -2.32002200 
C     6.06985500   -0.96619000   -2.08613400 
C     5.89694700   -1.24538600    0.36052600 
H     5.59822800   -1.45196000    2.47035600 
C     5.50404300   -0.66821300   -3.30364900 
H     3.67827000   -0.11304000   -4.33468800 
H     7.11763200   -1.25159100   -2.01935200 
H     6.94464300   -1.53712100    0.38528400 
H     6.09922900   -0.71114600   -4.21234400 
 
 
2-12a-TS 
M06 SCF energy in solution: -2239.00914921 a.u. 
B3LYP thermal correction to enthalpy in solution: 0.682771 a.u. 
B3LYP thermal correction to gibbs free energy in solution:                0.564363 a.u. 
Imaginary frequency:    -233.5377 cm-1 
 
Cartesian coordinates 
ATOM       X           Y           Z 
C    -0.02082400    0.63404000   -1.43201000 
C    -0.48318600    2.08060600   -1.64752300 
H    -0.70532200    2.56895500   -0.69405800 
O    -0.11818300   -0.21553000   -2.30859200 
N     1.02472100    0.41961100   -0.42685900 
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C     1.77712500   -0.68412000   -0.50389600 
N     2.65572400   -1.04391900    0.45848900 
C     1.14347600    1.30839300    0.76151400 
H     0.15191900    1.73112400    0.92732900 
O    -1.63322000    0.21886900   -0.01999800 
C    -2.15151200   -1.05025600   -0.29819600 
C    -1.95968100   -2.04182000    0.85791000 
C    -1.85630600   -3.41553000    0.59658700 
C    -1.69284900   -4.33541700    1.63306900 
C    -1.63013000   -3.89504800    2.95769300 
C    -1.73070600   -2.52945500    3.23126300 
C    -1.88966100   -1.61107300    2.18923900 
H    -1.96734200   -0.54927100    2.40095400 
H    -1.68800600   -2.17644500    4.25940000 
H    -1.50477600   -4.60965500    3.76747300 
H    -1.58808300   -1.45979200   -1.15421000 
H    -2.41194600    1.06428200    0.68513200 
O    -3.08891400    1.70146200    1.30029600 
C    -2.51539500    2.74777600    1.83412300 
C    -3.46212700    3.58523500    2.67405800 
O    -1.32911800    3.06084700    1.69102900 
S     1.79297000   -1.79298900   -1.87139200 
C     3.44139400   -2.16303800    0.14077000 
C     3.10992500   -2.69906100   -1.10750100 
C     3.76639500   -3.82607900   -1.59867300 
H     3.50300600   -4.24652900   -2.56466200 
C     4.44810200   -2.72925800    0.92568800 
H     4.71913400   -2.30962600    1.88834700 
C     5.10669100   -3.85289600    0.42798400 
H     5.89390000   -4.30968300    1.02002100 
C     4.77126300   -4.39784800   -0.81863700 
H     5.29866100   -5.27379900   -1.18391800 
C    -3.61976400   -1.01195900   -0.75932800 
C    -6.28732700   -0.90969700   -1.66599500 
C    -4.67941300   -0.84698100    0.14421200 
C    -3.92197000   -1.12520100   -2.12318900 
C    -5.24265800   -1.07444900   -2.57639900 
C    -5.99925800   -0.79374600   -0.30353200 
H    -4.47040100   -0.75848700    1.20580500 
H    -6.80623100   -0.66548600    0.41419700 
H    -7.31715000   -0.87297400   -2.01298200 
C     2.73941100   -0.36160600    1.76235600 
H     3.62668400    0.27996600    1.76353600 
H     2.86018600   -1.13246500    2.52713900 
C     1.46474200    0.43421000    1.98336000 
H     0.62349100   -0.24282600    2.16107100 
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H     1.58259200    1.07159500    2.86316000 
H    -3.90299000    2.97147800    3.46747900 
H    -4.28849600    3.94841700    2.05261900 
H    -2.93553100    4.43420800    3.11460300 
H    -5.45370200   -1.16646200   -3.63933500 
H    -3.11093800   -1.25041600   -2.83723200 
H    -1.90732700   -3.76671800   -0.43236800 
H    -1.61241900   -5.39622200    1.40690000 
C     2.15029900    2.44038700    0.58027200 
C     1.95093900    3.60825200    1.33257100 
C     3.28056600    2.35297000   -0.24164000 
C     2.87179300    4.65527000    1.27614200 
H     1.05553900    3.70067900    1.94117900 
C     4.20019900    3.40274700   -0.29949100 
H     3.43969200    1.47934300   -0.86648900 
C     4.00209200    4.55532500    0.46223800 
H     2.69751500    5.55494900    1.86077800 
H     5.06849100    3.31912800   -0.94805300 
H     4.71786200    5.37183700    0.41494300 
C    -1.70789400    2.13120500   -2.55299200 
H    -2.00073300    3.17158800   -2.72812300 
H    -1.49289700    1.65763100   -3.51487900 
H    -2.54485400    1.61491000   -2.07893400 
O     0.66416700    2.69386300   -2.25263600 
C     0.64162300    4.11086700   -2.23265000 
H     1.62426200    4.44579400   -2.57685400 
H    -0.12316100    4.52424100   -2.90626300 
H     0.46863000    4.50218100   -1.21999200 
 
 
2-12b-TS 
M06 SCF energy in solution: -2239.00453895 a.u. 
B3LYP thermal correction to enthalpy in solution: 0.683683 a.u. 
B3LYP thermal correction to gibbs free energy in solution:                0.568232 a.u. 
Imaginary frequency:    -188.1382 cm-1 
 
Cartesian coordinates 
ATOM       X           Y           Z 
C    -0.07259500    0.61465700   -1.44949600 
C    -0.68664000    1.99277500   -1.75798500 
H    -0.85974100    2.55694400   -0.83921300 
O    -0.06598800   -0.27303400   -2.29529500 
N     1.04445300    0.58803000   -0.47608100 
C     1.91868100   -0.42099900   -0.53733800 
N     2.84566400   -0.64972600    0.42155600 
C     1.06618700    1.50823600    0.69613400 
 294
H     0.03302300    1.81514100    0.85610200 
O    -1.49935400    0.04372300    0.01335200 
C    -1.95100200   -1.24730500   -0.29105400 
C    -1.60019600   -2.27835500    0.78964400 
C    -1.38836000   -3.61858100    0.43531200 
C    -1.06920600   -4.57796800    1.39720100 
C    -0.95617500   -4.21315200    2.74123900 
C    -1.16638100   -2.88270700    3.10857400 
C    -1.48241600   -1.92474800    2.14076000 
H    -1.65157900   -0.89286800    2.43198400 
H    -1.08838400   -2.58823800    4.15304200 
H    -0.70794800   -4.95829700    3.49311100 
H    -1.42580900   -1.57144700   -1.20463900 
H    -2.29837000    0.75108600    0.90958200 
O    -2.96110100    1.20739400    1.65200300 
C    -2.60197800    2.41478100    2.01845500 
C    -3.55743700    3.04493000    3.01195800 
O    -1.59966000    3.00554800    1.61097800 
S     2.03991500   -1.56627300   -1.87023700 
C     3.75975400   -1.67062100    0.11536500 
C     3.47678600   -2.27713300   -1.11233500 
C     4.26339200   -3.32454700   -1.58882800 
H     4.03913100   -3.80235400   -2.53790700 
C     4.84539900   -2.08157400    0.89114700 
H     5.07802900   -1.60420800    1.83675800 
C     5.63436200   -3.12451600    0.40738300 
H     6.48504400   -3.45900600    0.99337100 
C     5.34805000   -3.74174400   -0.81727100 
H     5.97674400   -4.55269400   -1.17227200 
C    -3.44666000   -1.27481100   -0.65325100 
C    -6.16242900   -1.25484000   -1.40799400 
C    -4.45754600   -1.44736700    0.30139500 
C    -3.82004800   -1.08664300   -1.99198400 
C    -5.16404700   -1.07858600   -2.36909500 
C    -5.80339000   -1.43540400   -0.07088100 
H    -4.19360100   -1.59849700    1.34387500 
H    -6.57253600   -1.57211300    0.68593100 
H    -7.21036400   -1.25315300   -1.69852100 
C     2.84477900    0.04576900    1.72127300 
H     3.65905800    0.77778100    1.72788700 
H     3.04146400   -0.70371000    2.49206100 
C     1.48987300    0.69988800    1.93187600 
H     0.72928600   -0.06474500    2.11774800 
H     1.53530100    1.36026100    2.80169800 
H    -3.68169000    2.39205600    3.88290200 
H    -4.54610700    3.15982300    2.55312700 
 295
H    -3.18844900    4.02173300    3.33068500 
H    -5.43159200   -0.93737700   -3.41394800 
H    -3.04424400   -0.92685900   -2.73617800 
H    -1.47369900   -3.91185300   -0.60932700 
H    -0.90500400   -5.61046000    1.09722700 
C     0.25893600    2.75813200   -2.69600800 
H     1.25133500    2.91252700   -2.26265800 
H     0.36232000    2.20541900   -3.63520000 
H    -0.17381100    3.73938800   -2.91698300 
C     1.92272000    2.75380800    0.47975200 
C     1.46942600    3.96401300    1.02726400 
C     3.15562800    2.73887300   -0.18893500 
C     2.23714300    5.12443200    0.91869300 
H     0.50360300    3.99278000    1.52337200 
C     3.92098800    3.90215500   -0.29955800 
H     3.52511200    1.82611900   -0.64732700 
C     3.46572100    5.09821000    0.25654000 
H     1.86618700    6.05364400    1.34324700 
H     4.87104600    3.87121900   -0.82657000 
H     4.05951500    6.00386200    0.16622800 
O    -1.90245800    1.79273800   -2.45802200 
C    -3.04514400    2.35726600   -1.83281500 
H    -2.92979200    3.44183000   -1.67852400 
H    -3.88427600    2.19215600   -2.51460700 
H    -3.26722900    1.87746300   -0.87555400 
 
 
2-13a-TS 
M06 SCF energy in solution: -2561.98993840 a.u. 
B3LYP thermal correction to enthalpy in solution: 0.680869 a.u. 
B3LYP thermal correction to gibbs free energy in solution:                0.562878 a.u. 
Imaginary frequency:    -122.9335 cm-1 
 
Cartesian coordinates 
ATOM       X           Y           Z 
C    -0.05604300    0.62647000   -1.32204000 
C    -0.47780000    2.08034200   -1.49713300 
H    -0.43832700    2.62531200   -0.55429000 
O    -0.16896300   -0.18039800   -2.24051600 
N     1.00316600    0.34523500   -0.33465700 
C     1.73604500   -0.76340900   -0.48200600 
N     2.59690400   -1.20585500    0.46305800 
C     1.10901400    1.13458600    0.92603900 
H     0.11874000    1.55699200    1.09659500 
O    -1.60790000    0.13492500    0.09458100 
C    -2.12692700   -1.11987700   -0.24014100 
 296
C    -1.98992600   -2.14176200    0.89689000 
C    -1.88943500   -3.50998300    0.60652500 
C    -1.77172200   -4.45553600    1.62595500 
C    -1.75489700   -4.04766900    2.96232700 
C    -1.85536900   -2.68833800    3.26502800 
C    -1.96812000   -1.74419200    2.24012400 
H    -2.04339600   -0.68686800    2.47458300 
H    -1.84814000   -2.36028800    4.30223800 
H    -1.66521700   -4.78259200    3.75853700 
H    -1.53677300   -1.51373200   -1.08516900 
H    -2.44268600    1.01682100    0.79663400 
O    -3.12971800    1.65123200    1.35131800 
C    -2.56625700    2.71845600    1.86547200 
C    -3.54833300    3.61584600    2.59189800 
O    -1.36967600    3.00031400    1.77258000 
S     1.74428500   -1.78138400   -1.92015300 
C     3.37334300   -2.30823300    0.07298500 
C     3.04741900   -2.75148300   -1.21254400 
C     3.69626300   -3.84882300   -1.77548800 
H     3.43688700   -4.19821300   -2.77029400 
C     4.36817400   -2.93778400    0.82359100 
H     4.63424700   -2.58783000    1.81507100 
C     5.02023200   -4.03077000    0.25392200 
H     5.79863700   -4.53526700    0.81831500 
C     4.68907000   -4.48426700   -1.02972100 
H     5.21008800   -5.33833400   -1.45172300 
C    -3.57593900   -1.05572300   -0.75770600 
C    -6.20281500   -0.90515600   -1.77029200 
C    -4.67054100   -0.90488700    0.10550100 
C    -3.82250500   -1.13066000   -2.13520100 
C    -5.12261000   -1.05646100   -2.64086200 
C    -5.97051200   -0.82727300   -0.39464300 
H    -4.50557700   -0.84983300    1.17729400 
H    -6.80548500   -0.71046300    0.29230100 
H    -7.21685200   -0.85001900   -2.15869800 
C     2.65584600   -0.63962500    1.82287000 
H     3.55491700   -0.02019800    1.90520000 
H     2.74095800   -1.47592800    2.52111000 
C     1.38922500    0.15895200    2.08019100 
H     0.53269200   -0.51321500    2.18494200 
H     1.49862300    0.72117400    3.01109000 
H    -4.13586200    3.03607700    3.31147200 
H    -4.25438000    4.04459000    1.87088900 
H    -3.02168400    4.42329600    3.10431300 
H    -5.29002800   -1.11896200   -3.71362500 
H    -2.98297800   -1.24325500   -2.81748600 
 297
H    -1.90506800   -3.83651200   -0.43165900 
H    -1.69151100   -5.51133100    1.37732500 
C     2.13638100    2.26247100    0.87317000 
C     1.88550700    3.40125600    1.65526800 
C     3.34004900    2.18767400    0.16047700 
C     2.82754700    4.42811200    1.73887200 
H     0.93873600    3.48510600    2.18125600 
C     4.28030600    3.21726800    0.24238700 
H     3.54710600    1.33774300   -0.48216800 
C     4.03074000    4.33769300    1.03597400 
H     2.61425300    5.30340700    2.34700800 
H     5.20643900    3.14320400   -0.32160600 
H     4.76373900    5.13776500    1.09795800 
C    -1.86260300    2.21182200   -2.12666800 
H    -2.07358200    3.26522600   -2.33891600 
H    -1.91636600    1.65466100   -3.06517000 
H    -2.62377100    1.82939500   -1.44419600 
S     0.83133800    2.81942600   -2.61470400 
C     0.82668800    4.54165100   -2.00587600 
H     1.16137500    4.59905100   -0.96679300 
H     1.52704600    5.10035200   -2.63428800 
H    -0.16417300    4.99561000   -2.10372400 
 
 
2-13b-TS 
M06 SCF energy in solution: -2561.98240678 a.u. 
B3LYP thermal correction to enthalpy in solution: 0.679755 a.u. 
B3LYP thermal correction to gibbs free energy in solution:                0.561639 a.u. 
Imaginary frequency:    -318.1315 cm-1 
 
Cartesian coordinates 
ATOM       X           Y           Z 
C    -0.14178900    0.64601400   -1.34712400 
C    -0.80776700    2.00761900   -1.53345900 
H    -1.00115000    2.48422200   -0.57226000 
O    -0.11203300   -0.18467900   -2.25046000 
N     1.01391600    0.62850000   -0.41110200 
C     1.94756300   -0.31406800   -0.56649300 
N     2.92080900   -0.54412100    0.34509100 
C     1.01253800    1.46631300    0.82427600 
H    -0.03513900    1.68354500    1.03124300 
O    -1.42989800   -0.13867500    0.13041700 
C    -1.69220400   -1.48768300   -0.15226600 
C    -1.22107400   -2.42426800    0.96882400 
C    -0.75373400   -3.71013600    0.66272400 
C    -0.32725100   -4.58058800    1.66731400 
 298
C    -0.36069500   -4.17804400    3.00453900 
C    -0.82409000   -2.89982900    3.32340300 
C    -1.24583600   -2.02986300    2.31414600 
H    -1.60471500   -1.03620200    2.56458000 
H    -0.85967000   -2.57797000    4.36192600 
H    -0.03015100   -4.85392900    3.78943000 
H    -1.10769000   -1.75334200   -1.04770400 
H    -2.32638600    0.50113700    0.89224200 
O    -3.05937600    0.93528600    1.62068000 
C    -2.81008300    2.16437500    1.97919300 
C    -3.84113400    2.73512600    2.93538500 
O    -1.84669700    2.83767700    1.59170100 
S     2.09973400   -1.35533500   -1.98173900 
C     3.88748900   -1.47953300   -0.05904200 
C     3.60501900   -2.01607800   -1.31902300 
C     4.44184100   -2.97229200   -1.89187700 
H     4.21899100   -3.39466200   -2.86716600 
C     5.01950200   -1.87420100    0.65649700 
H     5.24755900   -1.45505900    1.63037400 
C     5.85814000   -2.82564800    0.07706600 
H     6.74530300   -3.14545300    0.61508300 
C     5.57491900   -3.37008900   -1.18220400 
H     6.24351500   -4.10934800   -1.61268000 
C    -3.15858000   -1.76366200   -0.53071500 
C    -5.82318100   -2.27704300   -1.29732500 
C    -4.17731300   -1.85195200    0.42807300 
C    -3.50010900   -1.93847400   -1.87810700 
C    -4.81842700   -2.19216700   -2.26220000 
C    -5.49677100   -2.10209700    0.04960800 
H    -3.93991100   -1.72390400    1.47957500 
H    -6.27151400   -2.16620400    0.81033300 
H    -6.85080300   -2.47789800   -1.59085700 
C     2.92449900    0.06574900    1.68752300 
H     3.69080600    0.84740500    1.71531200 
H     3.19620900   -0.71633900    2.40046100 
C     1.53971600    0.61358600    1.98838900 
H     0.83932000   -0.20869300    2.15967900 
H     1.58084200    1.22352200    2.89461900 
H    -3.98032900    2.06370100    3.78946800 
H    -4.80895000    2.81285500    2.42623900 
H    -3.53619700    3.72357600    3.28511500 
H    -5.05865400   -2.32393100   -3.31470900 
H    -2.72345100   -1.86515000   -2.63541800 
H    -0.72525300   -4.03231300   -0.37645700 
H     0.03398800   -5.57237300    1.40517000 
C     0.10048300    2.88392800   -2.41758300 
 299
H     1.07921100    3.05506000   -1.95801500 
H     0.24753700    2.41553200   -3.39537500 
H    -0.36321200    3.86312100   -2.57215300 
C     1.77128400    2.78191400    0.67173700 
C     1.23656500    3.92132200    1.29176000 
C     2.99547600    2.89471200   -0.00393200 
C     1.91751800    5.13880500    1.24740100 
H     0.27202200    3.85272900    1.78686000 
C     3.67358600    4.11493800   -0.05023600 
H     3.42367400    2.03853600   -0.51813200 
C     3.13862500    5.24012500    0.57878300 
H     1.48424900    6.01253600    1.72716400 
H     4.61799000    4.18419000   -0.58369000 
H     3.66513800    6.18998300    0.53974400 
S    -2.45686300    1.77343100   -2.34084000 
C    -3.21471700    3.36823300   -1.87045600 
H    -2.74157800    4.22240000   -2.36621700 
H    -4.26024400    3.32086300   -2.19059600 
H    -3.18640900    3.51054700   -0.78612800 
 
 
2-14a-TS 
M06 SCF energy in solution: -2288.06807863 a.u. 
B3LYP thermal correction to enthalpy in solution: 0.653086 a.u. 
B3LYP thermal correction to gibbs free energy in solution:                0.534522 a.u. 
Imaginary frequency:    -510.8462 cm-1 
 
Cartesian coordinates 
ATOM       X           Y           Z 
C     0.00252100    0.73938800    1.23594300 
C     0.46372300    2.19810000    1.36079000 
H     0.56027500    2.67465200    0.38839000 
O     0.08533400   -0.02785800    2.18935700 
N    -1.02243700    0.45017200    0.23855600 
C    -1.77585300   -0.64941500    0.38658200 
N    -2.65540200   -1.06606500   -0.54965100 
C    -1.12371100    1.26151700   -1.01119500 
H    -0.11838700    1.63833000   -1.20694100 
O     1.62730800    0.20352700   -0.12308900 
C     2.12178700   -1.06241400    0.22747100 
C     1.99069700   -2.08089500   -0.91160900 
C     1.89644100   -3.44987900   -0.62304600 
C     1.77959000   -4.39319000   -1.64441900 
C     1.75695000   -3.98180000   -2.97969100 
C     1.85134600   -2.62156700   -3.27959200 
C     1.96376200   -1.67896000   -2.25309000 
 300
H     2.03647600   -0.62121900   -2.48543900 
H     1.84036100   -2.29104400   -4.31588800 
H     1.66802000   -4.71517400   -3.77736100 
H     1.49980000   -1.43819700    1.05614500 
H     2.42728300    0.98236200   -0.75999000 
O     3.16492200    1.64807600   -1.34521300 
C     2.61657800    2.68858300   -1.90468200 
C     3.60538000    3.58171400   -2.63344500 
O     1.41214000    2.97294200   -1.85655500 
S    -1.77849000   -1.68026500    1.81330600 
C    -3.42625400   -2.17715500   -0.17071900 
C    -3.08138100   -2.64519000    1.10086000 
C    -3.71966400   -3.75440600    1.65301700 
H    -3.44550400   -4.12184500    2.63723400 
C    -4.43028300   -2.79492600   -0.91937100 
H    -4.71301200   -2.42776400   -1.89974900 
C    -5.07028300   -3.90063200   -0.36167300 
H    -5.85471600   -4.39698100   -0.92479900 
C    -4.71990300   -4.37829000    0.90839700 
H    -5.23208800   -5.24253000    1.32021800 
C     3.55322200   -1.01112600    0.78726600 
C     6.14420400   -0.87225600    1.88607600 
C     4.68003300   -0.93007400   -0.04272800 
C     3.74812700   -1.02201200    2.17505600 
C     5.03075900   -0.95348300    2.72365300 
C     5.96301100   -0.85862600    0.50084600 
H     4.55432900   -0.92314700   -1.12121300 
H     6.82435100   -0.79526200   -0.15982600 
H     7.14485400   -0.82165200    2.30808600 
C    -2.75741300   -0.44921300   -1.88515400 
H    -3.63840000    0.20065200   -1.90292500 
H    -2.90031500   -1.25679000   -2.60680300 
C    -1.47891200    0.31936800   -2.17071400 
H    -0.64866500   -0.37675800   -2.32656300 
H    -1.60576200    0.90824500   -3.08254300 
H     4.23121600    2.98893700   -3.30882500 
H     4.27563300    4.05338500   -1.90482500 
H     3.08253900    4.35907700   -3.19470200 
H     5.15860100   -0.96629000    3.80348100 
H     2.88204900   -1.08110800    2.83029100 
H     1.91687600   -3.77896600    0.41423200 
H     1.70496800   -5.44990200   -1.39826600 
C    -2.08844500    2.43714500   -0.88978600 
C    -1.79416200    3.59971400   -1.61789600 
C    -3.27020800    2.39138900   -0.13909400 
C    -2.67454100    4.68201100   -1.60878400 
 301
H    -0.85837600    3.65988800   -2.16626900 
C    -4.14922100    3.47615600   -0.12960200 
H    -3.50653100    1.52000200    0.46483500 
C    -3.85719200    4.62275900   -0.86916300 
H    -2.42844400    5.57782400   -2.17290100 
H    -5.05883600    3.42521000    0.46317800 
H    -4.54029900    5.46798300   -0.85901500 
C     1.76724500    2.33125700    2.13972600 
H     1.99898800    3.39306900    2.27035900 
H     1.69178600    1.86138100    3.12497600 
H     2.57696200    1.85299300    1.58806800 
N    -0.66240700    2.93113000    2.02713000 
N    -0.85962200    2.67138600    3.21816600 
N    -1.15663300    2.53763900    4.31366500 
 
 
2-14b-TS 
M06 SCF energy in solution: -2288.06816915 a.u. 
B3LYP thermal correction to enthalpy in solution: 0.653736 a.u. 
B3LYP thermal correction to gibbs free energy in solution:                0.538710 a.u. 
Imaginary frequency:    -322.5216 cm-1 
 
Cartesian coordinates 
ATOM       X           Y           Z 
C    -0.02069600    0.61632800   -1.43969000 
C    -0.70219800    1.97126200   -1.69722700 
H    -0.84608600    2.52703400   -0.77090000 
O    -0.00510100   -0.25859300   -2.29553200 
N     1.08393800    0.61143100   -0.47097500 
C     1.99226500   -0.37128200   -0.54271500 
N     2.93391200   -0.56836200    0.40623100 
C     1.08077200    1.52907600    0.70651100 
H     0.03617300    1.78969200    0.87720100 
O    -1.46114400   -0.03352300    0.04774700 
C    -1.85754800   -1.34416100   -0.25824700 
C    -1.44517400   -2.36300500    0.81240100 
C    -1.18908900   -3.69273900    0.44774000 
C    -0.80907700   -4.64100900    1.39828400 
C    -0.67913500   -4.27530000    2.74059600 
C    -0.93482800   -2.95573400    3.11781700 
C    -1.31190900   -2.00806500    2.16167200 
H    -1.51609400   -0.98490000    2.46113600 
H    -0.84547100   -2.66164600    4.16146000 
H    -0.38316200   -5.01184100    3.48359900 
H    -1.32934600   -1.63806000   -1.17988400 
H    -2.20809500    0.60882300    0.94972100 
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O    -2.83000300    1.07498000    1.75927800 
C    -2.59038800    2.34390500    1.94914200 
C    -3.53151800    2.99895100    2.94073300 
O    -1.70016100    2.98813700    1.38003400 
S     2.13812000   -1.50912400   -1.87706500 
C     3.87666700   -1.56074300    0.09195700 
C     3.60162800   -2.17601900   -1.13302800 
C     4.41704300   -3.19711700   -1.61858100 
H     4.19965700   -3.68140800   -2.56586600 
C     4.98199400   -1.93668600    0.85782900 
H     5.20706200   -1.45277300    1.80198000 
C     5.79930300   -2.95292100    0.36540300 
H     6.66606700   -3.26000300    0.94268500 
C     5.52160200   -3.57845700   -0.85737400 
H     6.17307300   -4.36820800   -1.21886900 
C    -3.35379700   -1.44509100   -0.59809200 
C    -6.07918300   -1.55974200   -1.30288300 
C    -4.34590500   -1.52962800    0.38819000 
C    -3.75115600   -1.41844500   -1.94179200 
C    -5.10097100   -1.47329200   -2.29481300 
C    -5.69596200   -1.58469100    0.03997200 
H    -4.06251500   -1.55289300    1.43635100 
H    -6.45100000   -1.64900300    0.82010000 
H    -7.13147800   -1.60539900   -1.57292700 
C     2.92770300    0.13210900    1.70363700 
H     3.71436700    0.89370500    1.69415200 
H     3.16406000   -0.60652900    2.47335400 
C     1.55232600    0.73434300    1.93305600 
H     0.82447400   -0.05911200    2.12849800 
H     1.58431300    1.39474200    2.80342400 
H    -3.62887700    2.38609100    3.84274700 
H    -4.52878200    3.07600900    2.49133100 
H    -3.17931600    3.99912000    3.20174500 
H    -5.38684700   -1.45099600   -3.34394200 
H    -2.99166400   -1.33865800   -2.71600400 
H    -1.28793300   -3.98607600   -0.59571700 
H    -0.61092800   -5.66534300    1.09099500 
C     0.15154400    2.76890400   -2.69522500 
H     1.16477000    2.93187700   -2.31721000 
H     0.20900500    2.23193100   -3.64710400 
H    -0.31026900    3.74494000   -2.87153800 
C     1.87815200    2.81060300    0.47747800 
C     1.36885100    4.00405800    1.01213900 
C     3.10966200    2.84493300   -0.19370400 
C     2.08148100    5.19775300    0.88911300 
H     0.39922500    3.99484000    1.50212000 
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C     3.81901700    4.04159700   -0.31913400 
H     3.52276600    1.94498400   -0.64069600 
C     3.30917400    5.22097000    0.22535400 
H     1.66784600    6.11340900    1.30338900 
H     4.76880700    4.04943800   -0.84736600 
H     3.86014800    6.15209200    0.12375900 
N    -2.00604000    1.73262200   -2.35443600 
N    -3.00877900    1.90775400   -1.65573500 
N    -4.02110200    2.06056800   -1.15366000 
 
 
2-15a-TS 
M06 SCF energy in solution: -2355.52167160 a.u. 
B3LYP thermal correction to enthalpy in solution: 0.734772 a.u. 
B3LYP thermal correction to gibbs free energy in solution:                0.614466  a.u. 
Imaginary frequency:    -101.2526 cm-1 
 
Cartesian coordinates 
ATOM       X           Y           Z 
C    -0.12132300   -0.62159900   -1.05532800 
C    -0.23511000   -2.14639700   -0.99988000 
H    -0.14534200   -2.48255200    0.03392600 
O     0.13626000   -0.02767600   -2.10039700 
N    -0.89369000    0.15085200   -0.05779600 
C    -1.21827000    1.41814200   -0.33575400 
N    -1.75489900    2.25766000    0.57925100 
C    -1.10635200   -0.37034600    1.32180500 
H    -0.31193000   -1.09538300    1.49667100 
O     1.66338400   -0.52179600    0.13903800 
C     2.53347600    0.41719100   -0.41999900 
C     2.94312900    1.51689500    0.57057000 
C     3.36029300    2.77082800    0.10068500 
C     3.74767200    3.77826900    0.98461800 
C     3.72667500    3.54880500    2.36320700 
C     3.31413000    2.30494900    2.84364900 
C     2.92266600    1.29984000    1.95399400 
H     2.60042300    0.33289300    2.32662100 
H     3.29837000    2.11292200    3.91431500 
H     4.02970600    4.33183200    3.05391200 
H     2.00162900    0.92324700   -1.24469400 
H     2.22793400   -1.56462900    0.91818400 
O     2.72025700   -2.31440000    1.52117700 
C     1.91716800   -2.94639700    2.34549900 
C     2.63622700   -3.97206900    3.19882500 
O     0.70372100   -2.75344400    2.43841700 
S    -1.07015000    2.17114800   -1.92297500 
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C    -2.16346400    3.49793000    0.06410800 
C    -1.87718900    3.62068600   -1.29906900 
C    -2.19209700    4.78776000   -1.99256600 
H    -1.96173000    4.88651500   -3.04913900 
C    -2.78818200    4.53009600    0.76696400 
H    -3.02505800    4.43355300    1.82095700 
C    -3.10905700    5.69301700    0.06764200 
H    -3.59720100    6.50824400    0.59303800 
C    -2.81440900    5.82365800   -1.29588500 
H    -3.07282800    6.73958500   -1.81860200 
C     3.77227700   -0.22308400   -1.07384400 
C     5.99385000   -1.42748100   -2.32435600 
C     4.85337700   -0.69660900   -0.31639400 
C     3.82558800   -0.36490400   -2.46695000 
C     4.92475700   -0.96082200   -3.09024600 
C     5.95172600   -1.29526900   -0.93394000 
H     4.83621800   -0.59795000    0.76491000 
H     6.77962600   -1.65578800   -0.32772200 
H     6.85282400   -1.88963100   -2.80482400 
C    -1.83117000    1.93519700    2.01593600 
H    -2.86813500    1.68587800    2.26351200 
H    -1.54378800    2.83330800    2.56811100 
C    -0.88539000    0.78432400    2.31119500 
H     0.15435900    1.11666900    2.23480900 
H    -1.05648400    0.42578100    3.32934900 
H     3.44343200   -3.49147100    3.76257800 
H     3.09913900   -4.73067000    2.55763200 
H     1.93860300   -4.45146300    3.88819700 
H     4.94493100   -1.05823800   -4.17334000 
H     2.99024000   -0.01097300   -3.06681400 
H     3.38370000    2.95678700   -0.97151900 
H     4.06496200    4.74421000    0.59832300 
C    -2.46205500   -1.04029500    1.52440100 
C    -2.55813000   -2.01191500    2.53312900 
C    -3.61639400   -0.69238900    0.81266900 
C    -3.78398800   -2.60678100    2.83088000 
H    -1.66017200   -2.31693300    3.06346800 
C    -4.84269300   -1.29284300    1.10822000 
H    -3.56632300    0.02648200    0.00062800 
C    -4.93241100   -2.24683400    2.12166600 
H    -3.83856000   -3.36201200    3.61083200 
H    -5.72518500   -1.01761200    0.53673700 
H    -5.88632800   -2.71514100    2.34946600 
C     0.90244400   -2.79065300   -1.81325400 
H     0.79874700   -3.88041800   -1.78092000 
H     0.86381800   -2.47425900   -2.85965100 
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H     1.87166900   -2.51196300   -1.39774300 
C    -1.58984700   -2.61616600   -1.54336400 
C    -2.24654400   -3.68129600   -0.91091400 
C    -2.15699300   -2.08107300   -2.70922600 
C    -3.43602100   -4.19863000   -1.42524200 
H    -1.82098500   -4.10795100   -0.00609500 
C    -3.35227000   -2.59121500   -3.21975500 
H    -1.65808100   -1.26474300   -3.22249900 
C    -3.99615700   -3.65258000   -2.58158400 
H    -3.92701300   -5.02514000   -0.91768600 
H    -3.77680700   -2.16040800   -4.12350900 
H    -4.92446900   -4.05166200   -2.98256500 
 
 
2-15b-TS 
M06 SCF energy in solution: -2355.51489350 a.u. 
B3LYP thermal correction to enthalpy in solution: 0.733618 a.u. 
B3LYP thermal correction to gibbs free energy in solution:                0.613304  a.u. 
Imaginary frequency:    -293.7271 cm-1 
 
Cartesian coordinates 
ATOM       X           Y           Z 
C    -0.08719400    0.63229900   -1.17896100 
C    -0.87887600    1.94158700   -1.25258100 
H    -0.87015200    2.42636200   -0.27684600 
O    -0.06405200   -0.17304600   -2.10578500 
N     1.15001100    0.67896100   -0.35115200 
C     2.14545700   -0.16512600   -0.63672600 
N     3.23433100   -0.31498600    0.15304800 
C     1.21021900    1.48812100    0.90013200 
H     0.17853100    1.59542800    1.23529300 
O    -1.19940700   -0.29339400    0.37003200 
C    -1.35526200   -1.65324100    0.07035400 
C    -0.69573600   -2.57733200    1.10639900 
C    -0.19455800   -3.82611900    0.71138000 
C     0.39534900   -4.69211100    1.63317800 
C     0.49459400   -4.32318500    2.97706600 
C    -0.00024800   -3.08256500    3.38397600 
C    -0.58586800   -2.21620800    2.45633800 
H    -0.97236700   -1.25474900    2.77885100 
H     0.06592100   -2.78739600    4.42901900 
H     0.95147800   -4.99616300    3.69849800 
H    -0.83758600   -1.83984700   -0.88461500 
H    -2.00110600    0.22722300    1.32571100 
O    -2.64404100    0.54448400    2.17960900 
C    -2.40353600    1.74129800    2.64614800 
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C    -3.32887800    2.13834300    3.78119200 
O    -1.52799500    2.50471300    2.22575200 
S     2.23000400   -1.17055900   -2.08364700 
C     4.22821700   -1.15377500   -0.37615500 
C     3.85208200   -1.70265400   -1.60573600 
C     4.70077600   -2.57110100   -2.28951600 
H     4.40572800   -3.00275600   -3.24128100 
C     5.46768400   -1.44585400    0.19672900 
H     5.76904600   -1.01420500    1.14479000 
C     6.31675200   -2.31019300   -0.49373800 
H     7.28623800   -2.55054000   -0.06800600 
C     5.93998500   -2.86841200   -1.72224000 
H     6.61857600   -3.53912800   -2.24057500 
C    -2.81451300   -2.07966200   -0.17439600 
C    -5.45801100   -2.92248400   -0.67690800 
C    -3.75997300   -2.13353500    0.86032900 
C    -3.21891500   -2.45634700   -1.46123100 
C    -4.52748900   -2.87471900   -1.71473500 
C    -5.06887000   -2.54532700    0.61123900 
H    -3.47382600   -1.84393000    1.86611800 
H    -5.78747300   -2.57719700    1.42709200 
H    -6.47773200   -3.24805600   -0.86831100 
C     3.34061800    0.28207600    1.49612400 
H     4.01656900    1.14205300    1.44520500 
H     3.78126600   -0.47136000    2.15324800 
C     1.95302000    0.67622300    1.97221200 
H     1.36686100   -0.21802700    2.20370000 
H     2.03729300    1.27418800    2.88332300 
H    -3.29682000    1.38537100    4.57623700 
H    -4.36202900    2.17744400    3.41713900 
H    -3.04734500    3.11393500    4.18244200 
H    -4.81747200   -3.16236000   -2.72278300 
H    -2.50047100   -2.41555400   -2.27647000 
H    -0.27206000   -4.12385700   -0.33255300 
H     0.77898000   -5.65442900    1.30188500 
C    -0.15254300    2.86040600   -2.26947700 
H     0.88991500    3.03932300   -1.98995700 
H    -0.17152000    2.42040800   -3.27139400 
H    -0.66038400    3.82923900   -2.31211300 
C     1.82133400    2.87350900    0.70353200 
C     1.31652100    3.92780800    1.47996900 
C     2.90074100    3.12691300   -0.15500200 
C     1.88959300    5.19828000    1.40948300 
H     0.45879100    3.74953500    2.12214500 
C     3.46974000    4.40071500   -0.22814200 
H     3.29763700    2.33869400   -0.78876600 
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C     2.96978000    5.43917100    0.55839400 
H     1.48179700    6.00409600    2.01426100 
H     4.30242200    4.57866200   -0.90365600 
H     3.41217000    6.43011100    0.50114100 
C    -2.33677200    1.77811100   -1.66410200 
C    -3.32996000    2.39251600   -0.88997100 
C    -2.71764200    1.13990700   -2.85376400 
C    -4.66848100    2.36600500   -1.28499500 
H    -3.04796200    2.89581000    0.03089100 
C    -4.05638600    1.10724000   -3.24602000 
H    -1.96618700    0.65474200   -3.46656300 
C    -5.03762200    1.72163200   -2.46591500 
H    -5.42190800    2.84711900   -0.66602200 
H    -4.33248600    0.59962700   -4.16716200 
H    -6.07961900    1.69597100   -2.77487300 
 
 
2-16a-TS 
M06 SCF energy in solution: -2636.35577763 a.u. 
B3LYP thermal correction to enthalpy in solution: 0.752932 a.u. 
B3LYP thermal correction to gibbs free energy in solution:                0.623525  a.u. 
Imaginary frequency:    -62.9229 cm-1 
 
Cartesian coordinates 
ATOM       X           Y           Z 
C    -0.00741200   -0.22804200   -1.07496000 
C    -0.79019200   -1.54777000   -0.94168600 
H    -0.58582100   -2.00691200    0.02184100 
O     0.49077000    0.12329200   -2.13191200 
N    -0.19989200    0.80231500   -0.05703400 
C     0.16051600    2.06223900   -0.35689600 
N     0.21414200    3.04755600    0.56542500 
C    -0.51481700    0.45382200    1.35960700 
H    -0.17554800   -0.56991200    1.50613700 
O     1.68583300   -1.17037400    0.06219000 
C     2.89795800   -0.86666600   -0.54906900 
C     3.87519900   -0.14072500    0.38983500 
C     4.92049000    0.63406800   -0.13376600 
C     5.82234200    1.28652900    0.70716900 
C     5.69632400    1.17231500    2.09476100 
C     4.65962800    0.40433000    2.62726600 
C     3.75339100   -0.24333300    1.78132600 
H     2.93542500   -0.82621400    2.19417200 
H     4.55293200    0.30750800    3.70560600 
H     6.39946800    1.67795900    2.75223300 
H     2.69739900   -0.17424300   -1.38850500 
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H     1.52508400   -2.35658000    0.77958000 
O     1.30639300   -3.30215700    1.27468200 
C     0.74525800   -3.16118600    2.45339400 
C     0.38480300   -4.48400100    3.10029500 
O     0.50049600   -2.08127300    2.99682800 
S     0.53713600    2.64024300   -1.97436100 
C     0.45760300    4.32534900    0.03715100 
C     0.64456400    4.29230300   -1.34836700 
C     0.91353400    5.45995700   -2.06122500 
H     1.06684300    5.43324100   -3.13583400 
C     0.51635800    5.52753600    0.74603700 
H     0.35867400    5.56119800    1.81846300 
C     0.77734400    6.69353500    0.02828100 
H     0.82551300    7.64036500    0.55752100 
C     0.97472200    6.66292500   -1.35903900 
H     1.17668600    7.58506100   -1.89555900 
C     3.57256700   -2.09610900   -1.18509800 
C     4.74957100   -4.36241600   -2.38030100 
C     4.18582900   -3.08498000   -0.40157600 
C     3.56286000   -2.26351800   -2.57592600 
C     4.14536500   -3.38566500   -3.17214100 
C     4.76528200   -4.20791800   -0.99113500 
H     4.21062100   -2.97366600    0.67865500 
H     5.23485300   -4.96329700   -0.36526200 
H     5.20523200   -5.23645000   -2.83929900 
C     0.12473300    2.79506600    2.01646300 
H    -0.86118600    3.11811000    2.36608500 
H     0.88889100    3.40766800    2.50051600 
C     0.36822400    1.31892800    2.27095700 
H     1.41458800    1.06539100    2.08029300 
H     0.14625300    1.08356500    3.31406200 
H     1.21124900   -5.19662300    3.01488000 
H    -0.47558200   -4.91621000    2.57518000 
H     0.12234000   -4.33573600    4.14987400 
H     4.12734500   -3.49340300   -4.25427100 
H     3.08973300   -1.50720800   -3.19859900 
H     5.02977400    0.72287100   -1.21319000 
H     6.62382200    1.88540700    0.28038500 
C    -1.99034200    0.58321400    1.71897000 
C    -2.47245300   -0.22621600    2.75934300 
C    -2.85355400    1.52002000    1.13579400 
C    -3.78349100   -0.08754500    3.21518600 
H    -1.81310700   -0.96883700    3.20176700 
C    -4.16714100    1.65676900    1.59338900 
H    -2.51726600    2.13683100    0.30701200 
C    -4.63419100    0.85782800    2.63753300 
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H    -4.14177900   -0.72607400    4.01834200 
H    -4.82478400    2.38506800    1.12610300 
H    -5.65609200    0.96373200    2.99172700 
C    -0.37023200   -2.51628600   -2.04890800 
H    -0.90451200   -3.46243400   -1.91882300 
H    -0.59533600   -2.10608000   -3.03681600 
H     0.70154700   -2.70985700   -1.98196300 
N    -2.25159800   -1.34563900   -0.95395600 
C    -2.99123800   -0.53532300   -1.83308500 
C    -3.09226300   -2.20783600   -0.21632400 
O    -2.53236900    0.28368700   -2.60599800 
O    -2.71033600   -3.04782200    0.57418400 
C    -4.48573400   -1.87776500   -0.62743900 
C    -4.42483900   -0.87804400   -1.59837900 
C    -5.69704700   -2.39588200   -0.19224600 
C    -5.57379100   -0.35475400   -2.17400900 
C    -6.86343300   -1.87626700   -0.76873800 
H    -5.73560600   -3.17274100    0.56517200 
C    -6.80259800   -0.87234200   -1.74396900 
H    -5.51894900    0.42305100   -2.92965700 
H    -7.83149800   -2.25728000   -0.45611100 
H    -7.72443900   -0.49045800   -2.17362200 
 
 
2-16b-TS 
M06 SCF energy in solution: -2636.34933356 a.u. 
B3LYP thermal correction to enthalpy in solution: 0.752118 a.u. 
B3LYP thermal correction to gibbs free energy in solution:                0.622792  a.u. 
Imaginary frequency:    -227.4208 cm-1 
 
Cartesian coordinates 
ATOM       X           Y           Z 
C     0.14508000    0.66902900   -0.91496100 
C    -0.77189900    1.89157800   -0.71120100 
H    -0.83472800    2.15122300    0.34587400 
O    -0.00535000   -0.09759500   -1.85407500 
N     1.49342600    0.74055200   -0.33771200 
C     2.43678800   -0.07182500   -0.84008000 
N     3.62882000   -0.27040000   -0.23614700 
C     1.76482400    1.46014600    0.94059300 
H     0.80506600    1.56789300    1.44569400 
O    -0.64172100   -0.44971700    0.83089300 
C    -0.83875300   -1.77050400    0.43026100 
C    -0.00426900   -2.78889400    1.22983600 
C     0.43253900   -3.97147700    0.61467600 
C     1.18104200   -4.91814100    1.31563000 
 310
C     1.50982600   -4.69880200    2.65546000 
C     1.08198400   -3.52579200    3.28012100 
C     0.33509500   -2.57878700    2.57364400 
H     0.00384300   -1.67261100    3.06992000 
H     1.32809600   -3.34538400    4.32437100 
H     2.09188500   -5.43413400    3.20565500 
H    -0.49619100   -1.85751700   -0.61516300 
H    -1.13266000   -0.03895400    2.03705200 
O    -1.54331000    0.19878700    3.03874900 
C    -1.24656500    1.38735100    3.49901300 
C    -2.02222700    1.75597400    4.74862200 
O    -0.43066900    2.16147400    2.99281200 
S     2.30828900   -0.93880700   -2.36623200 
C     4.54006900   -1.03126100   -0.98615500 
C     3.98953100   -1.46740500   -2.19529900 
C     4.73189200   -2.24981500   -3.07829100 
H     4.30055000   -2.59581100   -4.01285000 
C     5.85229600   -1.35243500   -0.63260900 
H     6.28800500   -1.00974200    0.29943000 
C     6.59472500   -2.12703600   -1.52257800 
H     7.61828700   -2.38670600   -1.27000900 
C     6.04349400   -2.57253900   -2.73159300 
H     6.64248200   -3.17514100   -3.40759900 
C    -2.31614400   -2.20826000    0.40029700 
C    -5.00036300   -3.07202800    0.29810800 
C    -3.12954800   -2.16227500    1.54284700 
C    -2.87424500   -2.69288100   -0.79000000 
C    -4.20295400   -3.12211500   -0.84509900 
C    -4.45763700   -2.58541400    1.49083800 
H    -5.07111200   -2.53829800    2.38785100 
H    -6.03513100   -3.40410700    0.26107500 
C     3.92267300    0.17979200    1.13846300 
H     4.61318500    1.02750000    1.08543100 
H     4.42023800   -0.64723300    1.65086900 
C     2.62086400    0.54588700    1.82941900 
H     2.04204600   -0.35454400    2.05360600 
H     2.83906800    1.05743100    2.77008800 
H    -2.02475500    0.92684100    5.46359300 
H    -3.06511200    1.95380400    4.47360800 
H    -1.60100600    2.65044000    5.21272500 
H    -4.61300500   -3.49113000   -1.78247500 
H    -2.26340300   -2.72631400   -1.68970300 
H     0.18117300   -4.15262600   -0.42868200 
H     1.51042900   -5.82560600    0.81460700 
C    -0.25609800    3.09724000   -1.52190900 
H     0.73676400    3.40080200   -1.18602800 
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H    -0.21894500    2.86424900   -2.58742700 
H    -0.93464800    3.94313600   -1.36985000 
C     2.39240000    2.84001200    0.75799600 
C     2.08519200    3.82046000    1.71493500 
C     3.29487700    3.15876000   -0.26654900 
C     2.67838000    5.08170700    1.65300500 
H     1.36453000    3.59064400    2.49487300 
C     3.88254700    4.42480100   -0.33012200 
H     3.53380700    2.43226900   -1.03801600 
C     3.58081600    5.38843600    0.63237600 
H     2.42414300    5.83029300    2.39883400 
H     4.57362900    4.65501500   -1.13679200 
H     4.03754400    6.37319900    0.58182600 
N    -2.13932100    1.55557700   -1.10205800 
C    -3.20020900    1.57450500   -0.16916100 
C    -2.61396900    1.34006300   -2.41326400 
O    -3.10539200    1.88356800    1.00042100 
O    -1.97075500    1.39825100   -3.44266900 
C    -4.42871300    1.22440200   -0.93428100 
C    -5.73872800    1.06690100   -0.50495100 
C    -4.07890100    1.08684800   -2.27596400 
C    -6.70104500    0.75940400   -1.47476100 
H    -6.00221000    1.17419300    0.54259500 
C    -5.02539800    0.79143800   -3.24670400 
C    -6.35040900    0.62486100   -2.82465700 
H    -7.73718900    0.62338500   -1.17744000 
H    -4.74523200    0.69312200   -4.29111300 
H    -7.12015900    0.38846700   -3.55412600 
 
 
2-9a-TS3 
M06 SCF energy in solution: -2969.95271137 a.u. 
B3LYP thermal correction to enthalpy in solution: 0.799422 a.u. 
B3LYP thermal correction to gibbs free energy in solution:                0.668592  a.u. 
Imaginary frequency:    -101.6700 cm-1 
 
Cartesian coordinates 
ATOM       X           Y           Z 
C    -0.55204600   -0.97676900   -1.10012200 
C    -0.48517800   -2.50469200   -1.10098100 
H    -0.72202200   -2.90950200   -0.12057400 
O    -0.03745000   -0.29372400   -1.97676400 
N    -1.64852100   -0.35534000   -0.35080700 
C    -1.99535500    0.90598400   -0.65605600 
N    -2.86289000    1.62852600    0.08641300 
C    -2.24766700   -1.00700900    0.85392500 
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H    -1.48200700   -1.67860800    1.24123100 
O     0.86104400   -0.88207400    0.60518900 
C     1.74022100    0.19045500    0.40752400 
H     1.49132900    0.63646200   -0.56423300 
H     1.20524800   -1.85154200    1.57038300 
O     1.49699800   -2.54125800    2.35545200 
C     0.54297200   -3.36668900    2.71363200 
C     0.96002000   -4.31522600    3.81917700 
O    -0.58633000   -3.39713300    2.21787200 
S    -1.43682800    1.78969200   -2.07222100 
C    -3.19868600    2.87757500   -0.46086300 
C    -2.51658300    3.12763400   -1.65503700 
C    -2.70351500    4.32166700   -2.34961000 
H    -2.16632200    4.51872900   -3.27250000 
C    -4.09787700    3.80754200    0.06546500 
H    -4.63936600    3.61358000    0.98458100 
C    -4.28859200    4.99685200   -0.63584000 
H    -4.98516500    5.73334100   -0.24696100 
C    -3.59976000    5.25417300   -1.82900700 
H    -3.76526300    6.18872700   -2.35637200 
C    -3.36783000    1.18461000    1.39855500 
H    -4.40561900    0.85722600    1.27952600 
H    -3.34709600    2.04979900    2.06523100 
C    -2.47277800    0.07508800    1.92083800 
H    -1.50208300    0.48493600    2.21399400 
H    -2.93369600   -0.37951600    2.80151800 
H     1.28867800   -3.74775400    4.69701500 
H     1.81258000   -4.91949100    3.48925000 
H     0.13091300   -4.97063900    4.09227200 
C    -3.51783100   -1.80019700    0.56095300 
C    -3.74371000   -2.96777700    1.30452900 
C    -4.49465400   -1.38289200   -0.35292300 
C    -4.92531800   -3.69261800    1.14396700 
H    -2.97734300   -3.31863200    1.99006800 
C    -5.67441700   -2.11085400   -0.51488700 
H    -4.33375300   -0.50348500   -0.96984500 
C    -5.89622700   -3.26560300    0.23660200 
H    -5.08028500   -4.60035300    1.72135600 
H    -6.41600000   -1.77674900   -1.23585600 
H    -6.81343700   -3.83387800    0.10667900 
Cl   -1.88816800   -3.06290000   -2.18482200 
C     0.84963000   -3.10081100   -1.59206900 
H     1.60013000   -2.52895700   -1.03717700 
C     0.95386000   -4.57245200   -1.16408600 
H     0.19299000   -5.18716700   -1.66017500 
H     1.93624400   -4.97404100   -1.43762500 
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H     0.83113800   -4.69089200   -0.08184400 
C     1.13197600   -2.95739300   -3.09413500 
H     2.16791900   -3.25228300   -3.29612900 
H     0.47887200   -3.60963900   -3.68477400 
H     0.99621500   -1.93172200   -3.44125200 
C     3.22332900   -0.25330200    0.35058900 
C     3.94088000   -0.39064000   -0.88929900 
C     3.88525800   -0.54200400    1.53070400 
C     3.36250100   -0.14142600   -2.16894300 
C     5.32444900   -0.79077900   -0.85642000 
C     5.23395400   -0.96007100    1.55751100 
H     3.35679000   -0.44029900    2.47258400 
C     4.09923500   -0.25670800   -3.32854800 
H     2.31387500    0.11849300   -2.24135400 
C     6.05413500   -0.89696400   -2.07222100 
C     5.94581000   -1.07301100    0.38763100 
H     5.70658400   -1.17702200    2.51219800 
C     5.46173300   -0.63250700   -3.28503500 
H     3.62354400   -0.06466600   -4.28705300 
H     7.09902400   -1.19594300   -2.02213600 
H     6.99028500   -1.37663900    0.39599900 
H     6.03211500   -0.71803000   -4.20642000 
C     1.56202000    1.30752400    1.45634700 
C     1.91042200    2.67300100    1.17299600 
C     1.05630500    0.99681900    2.70464700 
C     2.44224200    3.09789300   -0.07862200 
C     1.71566800    3.67240400    2.18938700 
C     0.88263100    1.97892000    3.70946300 
H     0.79428400   -0.03478800    2.91321800 
C     2.75042900    4.41976500   -0.31686100 
H     2.62217800    2.36919600   -0.86048400 
C     2.04436800    5.02692100    1.90957900 
C     1.20130600    3.29197500    3.45808400 
H     0.49637400    1.68468100    4.68263700 
C     2.54938200    5.39807000    0.68466400 
H     3.15654400    4.71241600   -1.28169600 
H     1.89077300    5.76868500    2.69051000 
H     1.06998000    4.05531900    4.22179200 
H     2.79846200    6.43721200    0.48547000 
 
 
2-9b-TS3 
M06 SCF energy in solution: -2969.94840523 a.u. 
B3LYP thermal correction to enthalpy in solution: 0.798240 a.u. 
B3LYP thermal correction to gibbs free energy in solution:                0.668337  a.u. 
Imaginary frequency:    -317.6022 cm-1 
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Cartesian coordinates 
ATOM       X           Y           Z 
C    -0.61350300   -0.92770400   -1.02185100 
C    -0.76102900   -2.45633500   -1.04281500 
H    -0.94653100   -2.84173200   -0.04190900 
O    -0.05832700   -0.30542100   -1.91905300 
N    -1.66469400   -0.20029600   -0.28311300 
C    -1.87691800    1.09022200   -0.58697500 
N    -2.66980100    1.89721300    0.15303900 
C    -2.30981100   -0.77830300    0.93530400 
H    -1.61291900   -1.52400000    1.31923000 
O     0.76364600   -0.86972400    0.64576700 
C     1.79571600    0.04465800    0.38611600 
H     1.61017900    0.45392300   -0.61441300 
H     1.00213100   -1.83121500    1.54185600 
O     1.22803500   -2.56839600    2.35850100 
C     0.23914700   -3.35247500    2.68237400 
C     0.60213500   -4.38490200    3.73296200 
O    -0.89792400   -3.30606200    2.19385600 
S    -1.22270300    1.91426100   -1.99865100 
C    -2.87374400    3.17494500   -0.39336000 
C    -2.16431500    3.35544500   -1.58417700 
C    -2.22407500    4.56437500   -2.27579700 
H    -1.66540400    4.70848500   -3.19567300 
C    -3.67532800    4.19090400    0.13173200 
H    -4.23656800    4.05362800    1.04943600 
C    -3.73873700    5.39541600   -0.56680600 
H    -4.35651100    6.19945500   -0.17848000 
C    -3.02221900    5.58292800   -1.75652100 
H    -3.08750800    6.53125500   -2.28112900 
C    -3.20611800    1.51360500    1.47182200 
H    -4.27185500    1.28697300    1.36421600 
H    -3.09573900    2.37759900    2.13092100 
C    -2.41818900    0.32687700    1.99584300 
H    -1.40947000    0.64332400    2.27408400 
H    -2.91106200   -0.07413200    2.88527000 
H     1.08810100   -3.90574000    4.58938000 
H     1.32161200   -5.09613100    3.31014800 
H    -0.28683100   -4.92676500    4.06257100 
C    -1.89467700   -2.91021900   -2.00453900 
H    -2.78163000   -2.35296900   -1.67897600 
Cl    0.82205600   -3.20444900   -1.52834700 
C    -3.65546200   -1.44757600    0.66532400 
C    -3.98271700   -2.57866800    1.42952000 
C    -4.60024800   -0.95615600   -0.24737600 
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C    -5.22869500   -3.19212800    1.29192900 
H    -3.24393600   -2.98928800    2.11195200 
C    -5.84448200   -1.57560300   -0.38788600 
H    -4.37033200   -0.09939500   -0.87442500 
C    -6.16503100   -2.69224700    0.38494400 
H    -5.46151600   -4.07125900    1.88702400 
H    -6.56006900   -1.18402600   -1.10613000 
H    -7.13220800   -3.17494400    0.27348400 
C    -2.20265400   -4.40185700   -1.80969700 
H    -1.36312400   -5.02718500   -2.13148200 
H    -2.41776700   -4.63495700   -0.76094600 
H    -3.07976900   -4.68443600   -2.40355000 
C    -1.65170200   -2.58177400   -3.48318000 
H    -2.53801800   -2.85245800   -4.06930300 
H    -1.45028600   -1.51888000   -3.64497200 
H    -0.80196300   -3.14630800   -3.88021700 
C     3.20107400   -0.60369200    0.36942700 
C     3.89781500   -0.90068300   -0.85415100 
C     3.81661000   -0.90632100    1.57053100 
C     3.35597100   -0.66078700   -2.15126400 
C     5.21792900   -1.47253500   -0.78486200 
C     5.09963500   -1.49330600    1.63410200 
H     3.30285000   -0.68477400    2.49975400 
C     4.07502100   -0.93483400   -3.29471300 
H     2.34144100   -0.29558400   -2.24922800 
C     5.93092400   -1.74181900   -1.98549200 
C     5.79408800   -1.76137200    0.47922900 
H     5.53695800   -1.71698200    2.60399300 
C     5.37992700   -1.47418700   -3.21680400 
H     3.62661500   -0.74777300   -4.26731000 
H     6.92825000   -2.16986500   -1.90822900 
H     6.79026500   -2.19691500    0.51449100 
H     5.93699300   -1.68491100   -4.12626300 
C     1.76482200    1.24087400    1.35883300 
C     2.29282500    2.52632200    0.99346900 
C     1.20528100    1.08463600    2.61318300 
C     2.91273600    2.78357400   -0.26334500 
C     2.20346000    3.61422000    1.93046400 
C     1.13568500    2.15147400    3.54084700 
H     0.81498500    0.10958700    2.88488500 
C     3.39798700    4.03332400   -0.58198100 
H     3.02092200    1.97995300   -0.98244300 
C     2.70918600    4.89199500    1.56622400 
C     1.61502100    3.39526500    3.20514400 
H     0.69791300    1.97913700    4.52151400 
C     3.29410700    5.10220300    0.33859100 
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H     3.87091600    4.19728100   -1.54686000 
H     2.63140600    5.70438000    2.28575800 
H     1.56052900    4.22320000    3.90862500 
H     3.68058200    6.08362000    0.07568500 
 
 
Chapter 3 
3-8a-TS-1 
 
Imaginary frequency:  -215.1840 cm-1 
 
Cartesian coordinates 
ATOM       X           Y           Z 
C     0.03201000    0.83878200    1.39977500 
C    -1.16499900    1.70813200    1.06390000 
H    -1.12540500    2.02310700    0.01671100 
O     0.10377300    0.15247900    2.40679800 
N     1.27478100    1.24175700    0.78579300 
C     2.36953900    0.51202600    1.00677300 
N     3.27455800    0.62862200    0.04491400 
C     2.81975500    1.51118500   -1.02852600 
C     1.39191500    1.91429200   -0.54943800 
C     1.20835300    3.41120100   -0.43515000 
C     0.18702000    4.04595600   -1.14157800 
C    -0.00319700    5.42111800   -1.00494800 
C     0.82263000    6.16284500   -0.16559700 
C     1.85165200    5.53150500    0.53483000 
C     2.04479700    4.16153800    0.39728800 
H     2.84315600    3.67067800    0.95133200 
H     2.49905800    6.10779200    1.18904600 
H     0.66723500    7.23190500   -0.05422500 
H    -0.80523500    5.90923100   -1.55017800 
H    -0.46142000    3.45619300   -1.78617700 
H     0.62780300    1.47237500   -1.19744000 
H     2.80533900    0.96207200   -1.97216200 
H     3.48764600    2.37227500   -1.10727800 
O    -0.39756800   -0.49245100   -0.15743300 
C     0.07921200   -1.75746300    0.15114300 
C     1.29146800   -2.12658000   -0.69990300 
C     2.20097400   -3.09152700   -0.25605900 
C     3.32273400   -3.41818500   -1.01456800 
C     3.54668000   -2.78134000   -2.23526600 
C     2.64317900   -1.82087800   -2.68753000 
C     1.52374300   -1.49026600   -1.92129300 
H     0.81982800   -0.73109200   -2.25853600 
H     2.80913600   -1.32599700   -3.64132100 
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H     4.42324800   -3.02992600   -2.82686400 
H     0.41550900   -1.76083700    1.20339700 
H    -1.40495400   -0.36041000   -0.97202500 
O    -2.31036200   -0.15983500   -1.60320200 
C    -2.12117600    0.84649000   -2.40543500 
C    -3.37321200    1.30894000   -3.10977400 
O    -1.03621800    1.40713500   -2.57270700 
S     2.82844500   -0.57028100    2.26677800 
C     4.40850300   -0.15795600    0.20477400 
C     4.33816100   -0.89157900    1.39468500 
C     5.35424500   -1.77673500    1.73796900 
H     5.30896500   -2.35582600    2.65462400 
C     5.48161100   -0.27610900   -0.67107300 
H     5.51088800    0.29503600   -1.59340700 
C     6.49273400   -1.16278600   -0.32265900 
H     7.34248800   -1.28453900   -0.98627000 
C     6.43092100   -1.90176900    0.86466400 
H     7.23597900   -2.58602400    1.11123200 
C    -1.02453900   -2.80769800    0.07060900 
C    -3.15362700   -4.62624900   -0.04058700 
C    -1.56951300   -3.18634900   -1.15986000 
C    -1.55917000   -3.34799500    1.24150500 
C    -2.61847200   -4.25469000    1.19000800 
C    -2.62912700   -4.08559300   -1.21615900 
H    -1.16295100   -2.76628400   -2.07686300 
H    -3.04660500   -4.37005500   -2.17782100 
H    -3.97693500   -5.33382700   -0.08721100 
H    -3.97528000    0.45356400   -3.42460500 
H    -3.96204000    1.88874800   -2.39013700 
H    -3.12319300    1.93855900   -3.96465000 
C    -1.16379600    2.93307500    1.98508400 
H    -2.02126600    3.56057200    1.73250200 
H    -0.24981400    3.52329000    1.86621900 
H    -1.24584700    2.60742200    3.02627900 
N    -2.36712800    0.91599000    1.25114900 
H    -2.24374600   -0.04739500    1.54056300 
C    -3.50267500    1.29186100    0.61631800 
O    -3.61256400    2.39455800    0.08111200 
C    -4.64962300    0.32636600    0.65411800 
C    -4.47423800   -1.05828800    0.59892200 
C    -5.93717400    0.86383300    0.71100800 
C    -5.58652500   -1.89623900    0.62476100 
H    -3.47911200   -1.48433100    0.48949500 
C    -7.04505300    0.02395200    0.74701600 
H    -6.05360000    1.94315700    0.72901200 
C    -6.86960500   -1.35841800    0.70652900 
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H    -5.44627000   -2.97156000    0.56978300 
H    -8.04394900    0.44618700    0.80329000 
H    -7.73340800   -2.01647300    0.72851800 
H     4.02574600   -4.16227600   -0.65029500 
H     2.02637100   -3.58766100    0.69779700 
H    -1.14703300   -3.04575200    2.20253300 
H    -3.02412300   -4.66749200    2.10950000 
 
 
3-8a-TS-2 
 
Imaginary frequency:  -412.3647  cm-1 
 
Cartesian coordinates 
ATOM       X           Y           Z 
C     0.44745800    0.21480300    1.20108800 
C     1.54659600    1.19833700    0.82537000 
H     1.58215300    1.34299900   -0.25667700 
O     0.03955400    0.08860700    2.34515400 
N     0.29454600   -0.92985500    0.32453100 
C    -0.72919000   -1.75403500    0.57736500 
N    -1.14725700   -2.41587500   -0.49181100 
C    -0.36311600   -2.06827500   -1.67499300 
C     0.49412900   -0.87669600   -1.15620000 
C     1.93221700   -0.97488500   -1.59969300 
C     2.33224200   -0.23509600   -2.71231800 
C     3.63320300   -0.34963600   -3.19721600 
C     4.54098600   -1.19191300   -2.56363500 
C     4.14403500   -1.93117100   -1.44911200 
C     2.84036900   -1.82999100   -0.97268500 
H     2.53315800   -2.39876600   -0.09776200 
H     4.85431500   -2.58193300   -0.94659400 
H     5.56029600   -1.26995000   -2.93020300 
H     3.93835500    0.23290700   -4.06125900 
H     1.61530900    0.42713100   -3.19364600 
H     0.04564800    0.05804900   -1.50488200 
H    -1.02091600   -1.77233300   -2.49545300 
H     0.24946500   -2.92369900   -1.97251300 
O    -1.00905900    1.26358200    0.15007000 
C    -2.19319500    1.39807800    0.86738300 
C    -3.28821200    0.49745600    0.29921600 
C    -4.37587900    0.11455100    1.09039100 
C    -5.36007700   -0.73049500    0.58472000 
C    -5.27118800   -1.20103500   -0.72623500 
C    -4.19856900   -0.81024600   -1.52449900 
C    -3.20742000    0.03045500   -1.01444300 
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H    -2.36532200    0.34282500   -1.63106800 
H    -4.12915600   -1.16520700   -2.55013400 
H    -6.03295800   -1.86781400   -1.12036600 
H    -2.00877700    1.06970600    1.90660100 
H    -0.68239000    2.13966200   -0.69101400 
O    -0.23235300    2.90477600   -1.42707600 
C    -0.24078400    2.49059100   -2.65673800 
C     0.39557000    3.45746600   -3.63124800 
O    -0.69063400    1.40535500   -3.03424400 
S    -1.63352400   -2.08734000    2.00165300 
C    -2.22992000   -3.25845500   -0.27743800 
C    -2.64132000   -3.19835100    1.05910000 
C    -3.74356400   -3.92798300    1.49147600 
H    -4.07732900   -3.88008600    2.52299900 
C    -2.88775900   -4.04740800   -1.21514200 
H    -2.55541700   -4.07649000   -2.24786600 
C    -3.98529500   -4.77635300   -0.77483600 
H    -4.52531400   -5.39973600   -1.47999800 
C    -4.40919200   -4.71649800    0.55853900 
H    -5.27224100   -5.29468200    0.87137700 
C    -2.64281900    2.85416100    0.93991900 
C    -3.37640000    5.55618200    1.06002300 
C    -3.16816300    3.49731600   -0.18502200 
C    -2.48482200    3.58081900    2.12016900 
C    -2.84972900    4.92567300    2.18359300 
C    -3.53231900    4.83870600   -0.12640100 
H    -3.29226700    2.93934400   -1.11103000 
H    -3.94088200    5.32655500   -1.00695000 
H    -3.66333900    6.60292600    1.10519500 
C     1.35366400    2.53518400    1.52785600 
H     2.18976500    3.19224800    1.27354400 
H     0.42080300    3.00291600    1.20712300 
H     1.32728700    2.39279500    2.61251900 
H     0.26271800    3.11048000   -4.65654700 
H    -0.03818900    4.45363300   -3.50992500 
H     1.46445700    3.53442000   -3.40585700 
N     2.79571400    0.55491200    1.21352000 
C     3.94378500    0.77597100    0.51145700 
O     3.97182100    1.46148000   -0.50118000 
H     2.86380800    0.23966600    2.17400600 
C     5.18346900    0.11535400    1.04642600 
C     5.15181200   -0.96165400    1.93649500 
C     6.41170800    0.59368700    0.58565900 
C     6.34037700   -1.54024400    2.37395500 
H     4.20396500   -1.37286300    2.27357000 
C     7.59830100    0.01863900    1.02715600 
 320
H     6.41592000    1.41789600   -0.12061400 
C     7.56418800   -1.04860300    1.92346800 
H     6.31018900   -2.38035900    3.06123400 
H     8.55016800    0.39994900    0.67004800 
H     8.49014600   -1.49965300    2.26795000 
H    -6.19427400   -1.02898900    1.21395700 
H    -4.44257300    0.47697900    2.11502200 
H    -2.06514400    3.08798600    2.99498300 
H    -2.72176600    5.47781700    3.11049000 
 
 
3-8a-TS-1-B3LYP 
 
Imaginary frequency:  -188.2561    cm-1 
 
Cartesian coordinates 
ATOM       X           Y           Z 
C    -0.11405300    0.70231700   -1.23863200 
C     0.97696900    1.73336900   -0.97563700 
H     0.93698700    2.08976700    0.05429300 
O    -0.11611400   -0.01366200   -2.23774200 
N    -1.39833800    0.97561900   -0.63592800 
C    -2.48411500    0.31661400   -1.04856700 
N    -3.49507600    0.36840500   -0.17843300 
C    -3.07930500    1.01721800    1.07550800 
C    -1.68274100    1.61967700    0.70211500 
C    -1.69499300    3.13806200    0.64482600 
C    -0.88754300    3.86213300    1.53073500 
C    -0.91791800    5.25965500    1.52877700 
C    -1.74996500    5.94438200    0.64304000 
C    -2.55787900    5.22700300   -0.24483400 
C    -2.53221500    3.83297600   -0.24224700 
H    -3.16392000    3.28783000   -0.94039900 
H    -3.20722600    5.75338700   -0.93940700 
H    -1.76966300    7.03099400    0.64021600 
H    -0.28441400    5.81024000    2.21900700 
H    -0.23551800    3.32797300    2.21705300 
H    -0.91475700    1.26992800    1.39515800 
H    -3.01116600    0.26371400    1.86436500 
H    -3.79587200    1.78868000    1.36016700 
O     0.47040100   -0.59130600    0.40865400 
C     0.17337700   -1.92536700    0.13610800 
C    -0.76238300   -2.55372600    1.18319700 
C    -1.47723400   -3.72302100    0.88163000 
C    -2.32842200   -4.30756200    1.82017300 
C    -2.47823000   -3.73216700    3.08583600 
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C    -1.77135500   -2.56907700    3.39690600 
C    -0.92287600   -1.98189200    2.45162200 
H    -0.38477100   -1.07019600    2.69258400 
H    -1.87747100   -2.11398300    4.37929400 
H    -3.13954300   -4.18642200    3.81958100 
H    -0.36185800   -1.96670000   -0.82947600 
H     1.44824400   -0.27697500    1.27159400 
O     2.28141800    0.04213800    1.93448400 
C     1.92662800    0.96676900    2.79008600 
C     3.09184900    1.54445700    3.56759500 
O     0.76764500    1.36497200    2.95998500 
S    -2.84265600   -0.57499600   -2.48900700 
C    -4.66080700   -0.27803100   -0.58700000 
C    -4.49472900   -0.84636900   -1.86305900 
C    -5.53352200   -1.54387500   -2.47287500 
H    -5.40973400   -1.98687600   -3.45638500 
C    -5.86312300   -0.39509700    0.10889300 
H    -5.98104900    0.03995800    1.09599900 
C    -6.90085800   -1.09254700   -0.50841000 
H    -7.84831200   -1.19977000    0.01085600 
C    -6.74126400   -1.65763100   -1.78147600 
H    -7.56638500   -2.19429900   -2.23952000 
C     1.42650200   -2.79672100   -0.06164700 
C     3.71715500   -4.39229200   -0.46219800 
C     2.26141800   -3.13781600    1.01391600 
C     1.76398000   -3.26365600   -1.33895900 
C     2.89833200   -4.05667300   -1.54183800 
C     3.39617300   -3.92413100    0.81640800 
H     2.02080000   -2.78442600    2.01241000 
H     4.02979400   -4.17757000    1.66296900 
H     4.59669600   -5.01345900   -0.61283100 
H     3.73241900    0.74470900    3.95315700 
H     3.70040400    2.15255600    2.88746100 
H     2.73610800    2.16966000    4.38951200 
C     0.76919300    2.91984000   -1.94231400 
H     1.55045900    3.66127600   -1.75680300 
H    -0.20300200    3.39909900   -1.79558300 
H     0.84109500    2.57492800   -2.97904800 
N     2.27493800    1.11768300   -1.19732700 
H     2.29533300    0.24129900   -1.70093000 
C     3.40944800    1.67450300   -0.70277200 
O     3.39904700    2.75482300   -0.09863400 
C     4.69655300    0.94344100   -0.96659800 
C     4.76943100   -0.44267600   -1.16166400 
C     5.87561200    1.70224600   -0.99112100 
C     6.00207900   -1.05459000   -1.39423300 
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H     3.87615500   -1.05649400   -1.09945800 
C     7.10429300    1.09130000   -1.23333400 
H     5.80980400    2.77176000   -0.81826800 
C     7.16991700   -0.29017400   -1.43697400 
H     6.04680000   -2.13147000   -1.53085600 
H     8.01094600    1.69028300   -1.25970000 
H     8.12812800   -0.76973500   -1.62022100 
H    -2.87674600   -5.21129900    1.56423000 
H    -1.36329400   -4.18177000   -0.09904300 
H     1.12988300   -3.00608200   -2.18480500 
H     3.13702600   -4.41345800   -2.54111700 
 
 
3-8a-TS-2-B3LYP 
 
Imaginary frequency:  -268.7553     cm-1 
 
Cartesian coordinates 
ATOM       X           Y           Z 
C    -0.35259500    0.30509700   -0.95482400 
C    -1.37656800    1.37304200   -0.56179300 
H    -1.42100900    1.49154900    0.52041300 
O    -0.01559200    0.13383200   -2.12554700 
N    -0.23719800   -0.85235800   -0.09070600 
C     0.41764900   -1.93206100   -0.52535200 
N     0.76839500   -2.76958600    0.45255300 
C     0.45790700   -2.20461000    1.77238400 
C    -0.35665000   -0.91290200    1.41055200 
C    -1.78510300   -0.98607100    1.91584800 
C    -2.14263000   -0.22795500    3.03754000 
C    -3.42126800   -0.34561000    3.58810700 
C    -4.35295200   -1.21443700    3.01964300 
C    -4.00262600   -1.96995700    1.89657100 
C    -2.72442900   -1.85947200    1.35002400 
H    -2.46162000   -2.44879100    0.47467500 
H    -4.72642800   -2.64335500    1.44522900 
H    -5.34961300   -1.30051500    3.44419700 
H    -3.68889500    0.25010600    4.45666200 
H    -1.41470500    0.44931800    3.47662200 
H     0.14954900   -0.03398100    1.81494500 
H     1.38839800   -1.97624000    2.29813600 
H    -0.13296700   -2.91140000    2.35722600 
O     1.29795200    1.30045000    0.03353400 
C     2.44188800    1.29226800   -0.77086800 
C     3.61109000    0.52921300   -0.12971400 
C     4.66827600    0.06239000   -0.92579600 
 323
C     5.74026600   -0.63050700   -0.36221900 
C     5.77595900   -0.86739500    1.01541200 
C     4.72906500   -0.40771000    1.81655800 
C     3.65231000    0.28138000    1.24806800 
H     2.83345100    0.62695700    1.87242400 
H     4.74780600   -0.58436600    2.88991800 
H     6.61097000   -1.40552500    1.45741300 
H     2.19025700    0.75734900   -1.70310200 
H     1.16745900    2.23920400    0.96624700 
O     0.98238300    3.06152700    1.70423200 
C     0.81378500    2.64944400    2.93379000 
C     0.55268200    3.77651000    3.91468600 
O     0.85071400    1.46739000    3.29818100 
S     0.90092900   -2.45657300   -2.10354000 
C     1.42894500   -3.92388600    0.03602900 
C     1.57766100   -3.93602900   -1.36240400 
C     2.21348900   -4.99715700   -2.00071600 
H     2.33678700   -5.00964300   -3.07923200 
C     1.90817900   -4.96692300    0.82725600 
H     1.79274800   -4.94798200    1.90583100 
C     2.54093800   -6.02844500    0.18140400 
H     2.92430800   -6.85442800    0.77271700 
C     2.69107200   -6.04604100   -1.21238700 
H     3.18759200   -6.88542500   -1.68947300 
C     2.87183600    2.70307800   -1.20706300 
C     3.59289100    5.29932700   -2.03539000 
C     3.54168600    3.57445900   -0.33535800 
C     2.57172200    3.15546100   -2.49879900 
C     2.92780100    4.44176700   -2.91324900 
C     3.89659000    4.86077000   -0.74321800 
H     3.79009300    3.24275500    0.66894300 
H     4.41541400    5.52137200   -0.05251300 
H     3.87404500    6.30011500   -2.35396800 
C    -1.09823200    2.72108800   -1.22832800 
H    -1.91024000    3.41080900   -0.97902100 
H    -0.15550800    3.13853200   -0.87564700 
H    -1.05098900    2.61002400   -2.31643000 
H     0.48384600    3.39158900    4.93436600 
H     1.35299300    4.52235100    3.85391800 
H    -0.38277800    4.28463800    3.65288300 
N    -2.67705800    0.83517400   -0.98995200 
C    -3.84456300    1.24243200   -0.40130800 
O    -3.86199200    1.95879400    0.60019300 
H    -2.72058300    0.50851900   -1.94795200 
C    -5.11665600    0.76204200   -1.04596000 
C    -5.17585700   -0.33824400   -1.91436900 
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C    -6.29569300    1.45662800   -0.74089900 
C    -6.39301700   -0.72761000   -2.47475300 
H    -4.28197500   -0.91445900   -2.13619500 
C    -7.50964000    1.07070900   -1.30552400 
H    -6.24066900    2.29810100   -0.05796700 
C    -7.56061200   -0.02144200   -2.17608800 
H    -6.42955800   -1.58548400   -3.14088300 
H    -8.41600600    1.62128200   -1.06799100 
H    -8.50730000   -0.32463600   -2.61550300 
H     6.54746900   -0.98730000   -0.99793900 
H     4.65173700    0.24654400   -1.99856600 
H     2.05004400    2.49207400   -3.18537400 
H     2.68671900    4.77110400   -3.92135000 
 
 
3-8a-TS-1-Ac 
 
Imaginary frequency:  -246.7416     cm-1 
 
Cartesian coordinates 
ATOM       X           Y           Z 
C     0.62425600    0.67452600   -1.50144900 
C     2.02395500    1.19833700   -1.23130900 
H     2.13415600    1.46175300   -0.17400700 
O     0.31676500    0.07720800   -2.52251700 
N    -0.44081000    1.35798600   -0.79730400 
C    -1.68564900    0.90000100   -0.94137000 
N    -2.46873700    1.17656400    0.09250900 
C    -1.74735200    1.89694100    1.14150300 
C    -0.30127800    1.97136400    0.56324700 
C     0.23004000    3.38434700    0.48321800 
C     1.40891100    3.72506800    1.14490500 
C     1.90974000    5.02347800    1.04848900 
C     1.23772400    5.97943600    0.29294000 
C     0.05521300    5.64141800   -0.36731800 
C    -0.44690900    4.34830300   -0.27017400 
H    -1.36245000    4.07874000   -0.79452700 
H    -0.47052600    6.38497900   -0.95887700 
H     1.63335700    6.98767400    0.21428800 
H     2.83058600    5.28245100    1.56218100 
H     1.93378800    2.96778300    1.72348100 
H     0.37568000    1.32984500    1.13693000 
H    -1.79490800    1.33170200    2.07451900 
H    -2.18856100    2.88683900    1.27937900 
O     0.78901500   -0.75489300   -0.03125000 
C     0.03631700   -1.88480100   -0.32875400 
 325
C    -1.15981400   -2.01306500    0.60772500 
C    -2.30673900   -2.71130400    0.21902000 
C    -3.40690500   -2.80421300    1.06957700 
C    -3.37038900   -2.19971300    2.32552300 
C    -2.22976000   -1.50259200    2.72209000 
C    -1.13328800   -1.40403300    1.86499300 
H    -0.24352300   -0.84898300    2.15754800 
H    -2.19264300   -1.03287600    3.70184400 
H    -4.22876600   -2.26598500    2.98805200 
H    -0.36049600   -1.77924600   -1.35472700 
H     1.82726100   -0.93136200    0.74045900 
O     2.76743300   -1.03489800    1.34049400 
C     2.91411000   -0.04043000    2.16797700 
C     4.27400100    0.01202800    2.82032100 
O     2.04594200    0.80237200    2.39849200 
S    -2.46517900   -0.00215600   -2.18474900 
C    -3.76189800    0.67493400    0.00184500 
C    -3.94147300   -0.00778700   -1.20704300 
C    -5.15174500   -0.62737200   -1.49668000 
H    -5.29779500   -1.16181800   -2.43002500 
C    -4.77445700    0.76566900    0.95053900 
H    -4.61320600    1.29066100    1.88659700 
C    -5.98112200    0.14262800    0.65563600 
H    -6.79070700    0.18828100    1.37679600 
C    -6.16899300   -0.54236200   -0.55074100 
H    -7.12262900   -1.01866800   -0.75337000 
C     0.93153800   -3.12158300   -0.35524200 
C     2.76798700   -5.23744300   -0.44594100 
C     1.20329900   -3.87181800    0.78994400 
C     1.59051300   -3.44257800   -1.54545300 
C     2.50306100   -4.49403000   -1.59480500 
C     2.11442700   -4.92480800    0.74480100 
H     0.69931900   -3.62979700    1.72246300 
H     2.31838100   -5.50066800    1.64318300 
H     3.47794000   -6.05887000   -0.47924900 
H     4.56346800   -0.97914800    3.17856200 
H     4.99613800    0.32143800    2.05673800 
H     4.27997200    0.73015800    3.64096400 
C     2.28461500    2.42723200   -2.10560600 
H     3.28671600    2.80416900   -1.88754300 
H     1.56059700    3.22352000   -1.90685900 
H     2.22641100    2.14682200   -3.16150500 
N     2.95809900    0.12895900   -1.54069200 
H     2.54061900   -0.76823600   -1.76543500 
C     4.17038900    0.11354300   -0.92390100 
O     4.60658000    1.09241600   -0.32479700 
 326
H    -4.29530100   -3.34202900    0.74987400 
H    -2.33786900   -3.18099200   -0.76311100 
H     1.37781100   -2.85900300   -2.44067500 
H     3.00533800   -4.73383900   -2.52798200 
C     4.92338100   -1.19154900   -1.01463900 
H     4.68537200   -1.74410200   -1.92738300 
H     5.99589900   -0.99509000   -0.96938200 
H     4.63344700   -1.80044700   -0.15137400 
 
 
3-8a-TS-2-Ac 
 
Imaginary frequency:  -301.6150     cm-1 
 
Cartesian coordinates 
ATOM       X           Y           Z 
C    -0.82368700    0.12145300   -1.56161300 
C    -2.16276500    0.81877900   -1.38252500 
H    -2.40126900    0.92506500   -0.32189300 
O    -0.18985700    0.16447400   -2.60419800 
N    -0.57546800   -1.02177700   -0.70609000 
C     0.59711200   -1.64883400   -0.83286000 
N     0.95844800   -2.31026700    0.25693700 
C    -0.03618400   -2.17982600    1.31913800 
C    -1.03973300   -1.15174600    0.70821000 
C    -2.46946500   -1.61796400    0.84300700 
C    -3.25217900   -1.10234600    1.87494200 
C    -4.54839900   -1.57689200    2.07187100 
C    -5.06912500   -2.55596300    1.23209700 
C    -4.28964200   -3.06707100    0.19313700 
C    -2.99190000   -2.60465100    0.00337700 
H    -2.38696500   -2.99559400   -0.81212300 
H    -4.69498700   -3.82611700   -0.47015000 
H    -6.08212000   -2.91913800    1.37927800 
H    -5.15453700   -1.16905100    2.87531100 
H    -2.84001500   -0.32821500    2.51906900 
H    -0.90118600   -0.17443200    1.18073400 
H     0.43444600   -1.80806400    2.23174100 
H    -0.50363800   -3.15049100    1.50377600 
O     0.10785300    1.40692000   -0.20563700 
C     1.42501000    1.67244000   -0.55407600 
C     2.39641000    0.86608900    0.30778500 
C     3.65504200    0.49976300   -0.17571200 
C     4.53750900   -0.23521800    0.61465700 
C     4.17004400   -0.60886900    1.90657400 
C     2.91693800   -0.24478300    2.39749100 
 327
C     2.03103900    0.48216900    1.60182600 
H     1.04635100    0.76164400    1.97581500 
H     2.62686000   -0.52761600    3.40678700 
H     4.85367400   -1.18558900    2.52337900 
H     1.58391000    1.36554800   -1.60494000 
H    -0.59155000    2.21159600    0.49195300 
O    -1.39232200    2.82510200    1.02518900 
C    -1.72484200    2.30986200    2.17010000 
C    -2.96690400    2.92143800    2.77768500 
O    -1.13388500    1.37812400    2.72161000 
S     1.73919400   -1.74467800   -2.11790000 
C     2.18506800   -2.95649100    0.17346400 
C     2.76493000   -2.75266700   -1.08409800 
C     4.01980100   -3.27619700   -1.37475200 
H     4.48259600   -3.11649800   -2.34350900 
C     2.82217100   -3.68995300    1.16757200 
H     2.35751400   -3.82895700    2.13842300 
C     4.07456900   -4.21175200    0.86991200 
H     4.60364800   -4.78335900    1.62533500 
C     4.66643500   -4.00758100   -0.38283900 
H     5.64640700   -4.42664200   -0.58614800 
C     1.73838100    3.16428200   -0.47571600 
C     2.25676900    5.91465200   -0.32531100 
C     1.68371000    3.83147100    0.75283500 
C     2.05267000    3.89067800   -1.62406300 
C     2.31261900    5.25970800   -1.55170400 
C     1.93846100    5.19624400    0.82836400 
H     1.43711800    3.27402100    1.65394000 
H     1.89027000    5.70270900    1.78830600 
H     2.45812000    6.98040400   -0.26574700 
C    -2.15372800    2.18355000   -2.05786000 
H    -3.12880600    2.65652700   -1.91230100 
H    -1.37919300    2.81979200   -1.62643000 
H    -1.96652500    2.07133500   -3.12997800 
H    -2.96161200    4.00716600    2.65736900 
H    -3.83680600    2.53098800    2.23671700 
H    -3.05093100    2.65425100    3.83183000 
N    -3.17024700   -0.06355100   -1.95280500 
C    -4.44247800   -0.08847200   -1.46213600 
O    -4.77440200    0.53839700   -0.46644700 
H    -2.99823300   -0.44684900   -2.87492300 
H     5.50864400   -0.52251400    0.22058900 
H     3.94236900    0.78899600   -1.18568300 
H     2.08782600    3.38015100   -2.58410300 
H     2.55575200    5.81296000   -2.45453900 
C    -5.41892300   -0.92342000   -2.26133100 
 328
H    -6.18249400   -1.31553000   -1.58801100 
H    -5.90938100   -0.28247900   -3.00210400 
H    -4.92898400   -1.74741900   -2.78646900 
 
 
3-8a-TS-3 
 
Imaginary frequency:  -400.5126    cm-1 
 
Cartesian coordinates 
ATOM       X           Y           Z 
C    -0.01453300    0.67450200    1.07545000 
C    -1.28725300    1.33737700    0.57284700 
H    -1.25807900    1.42979500   -0.51927800 
O     0.07427300    0.14472900    2.17248100 
N     1.20058100    1.10123100    0.44545800 
C     2.35477900    0.54467600    0.82837400 
N     3.29692200    0.61292500   -0.09997100 
C     2.82242800    1.29435900   -1.30486500 
C     1.31694400    1.54536600   -0.97897600 
C     0.93577600    2.99413400   -1.17597600 
C     0.15131100    3.35069100   -2.27235100 
C    -0.14657300    4.69393500   -2.50557400 
C     0.32644400    5.67671000   -1.64131500 
C     1.10118100    5.31838200   -0.53617900 
C     1.40799700    3.98223600   -0.30703700 
H     2.00320600    3.70276800    0.55989600 
H     1.45878000    6.08026000    0.15002800 
H     0.08710000    6.72089900   -1.82060200 
H    -0.75829300    4.96766500   -3.36008600 
H    -0.23833100    2.57248600   -2.92445300 
H     0.67227500    0.88595700   -1.57114700 
H     2.96120700    0.65113400   -2.17591900 
H     3.37301600    2.22949300   -1.43471400 
O    -0.24722200   -0.95124600   -0.26232800 
C     0.40143200   -2.07716100    0.22605800 
C     1.68569800   -2.36095000   -0.54946900 
C     2.73748500   -3.06490400    0.04550800 
C     3.91898000   -3.30575100   -0.65158900 
C     4.06040300   -2.84693300   -1.96107700 
C     3.01521700   -2.14763200   -2.56304900 
C     1.83609800   -1.89848800   -1.85887600 
H     1.02145600   -1.33615800   -2.31330700 
H     3.11743300   -1.79207400   -3.58544400 
H     4.98239700   -3.03012600   -2.50583800 
H     0.69229600   -1.88556800    1.27488500 
 329
H    -1.20376900   -1.07090900   -1.06359200 
O    -2.12463900   -1.06763400   -1.75858100 
C    -1.98209200   -0.21075800   -2.72220300 
C    -3.22429100   -0.01721700   -3.55934900 
O    -0.94150900    0.41316600   -2.95338000 
S     2.85103900   -0.25002900    2.27191900 
C     4.51202000    0.03631300    0.25240100 
C     4.44785000   -0.49260900    1.54687300 
C     5.53985400   -1.15479300    2.09644900 
H     5.49563900   -1.57327900    3.09679500 
C     5.65940400   -0.06730000   -0.52648500 
H     5.68825500    0.34151200   -1.53130200 
C     6.74840700   -0.72675600    0.02982200 
H     7.65955800   -0.82892500   -0.55052800 
C     6.69056600   -1.26343000    1.32210700 
H     7.55756100   -1.77224300    1.73028200 
C    -0.51639900   -3.29514200    0.26596200 
C    -2.30499100   -5.45076700    0.35671800 
C    -1.00531100   -3.86154900   -0.91554500 
C    -0.93387200   -3.81994600    1.48975000 
C    -1.82175500   -4.89535100    1.53876400 
C    -1.89687800   -4.92784600   -0.87149200 
H    -0.69069400   -3.45464900   -1.87346600 
H    -2.27561000   -5.35388400   -1.79606300 
H    -2.99834000   -6.28659300    0.38964800 
H    -3.61311800   -0.98629900   -3.88348200 
H    -3.98516200    0.45615800   -2.93065400 
H    -3.01246100    0.61266800   -4.42430200 
N    -2.39133700    0.46498100    0.92488600 
H    -2.17707000   -0.33366200    1.51024400 
C    -3.53307900    0.49857100    0.19738600 
O    -3.77351100    1.40305500   -0.59924900 
C    -4.51392700   -0.60503100    0.45293800 
C    -4.10785700   -1.91951300    0.69286900 
C    -5.87313900   -0.29236000    0.39729000 
C    -5.06513000   -2.91034900    0.89802500 
H    -3.05124200   -2.17952100    0.67489600 
C    -6.82615300   -1.28180600    0.61467800 
H    -6.16703500    0.73088400    0.18332100 
C    -6.42150900   -2.59188600    0.86775600 
H    -4.74752600   -3.93419100    1.07147400 
H    -7.88294400   -1.03359800    0.58300200 
H    -7.16464800   -3.36720700    1.03026700 
H     4.73249600   -3.84178300   -0.17030600 
H     2.62712400   -3.42407000    1.06799600 
H    -0.56439800   -3.37754100    2.41286900 
 330
H    -2.13816500   -5.29397500    2.49874400 
C    -1.43137200    2.73460800    1.18066300 
C    -1.01474900    3.02203500    2.48253500 
C    -2.01811600    3.74353300    0.41328200 
C    -1.17010700    4.30557500    3.00263500 
H    -0.56508500    2.24511900    3.09386000 
C    -2.17819200    5.02350800    0.93650100 
H    -2.35281700    3.51206200   -0.59285600 
C    -1.75014400    5.30966100    2.23163900 
H    -0.83874900    4.51861100    4.01498600 
H    -2.63211500    5.79980300    0.32684700 
H    -1.87018500    6.30928900    2.63920100 
 
 
3-8a-TS-4 
 
Imaginary frequency:  -600.4066    cm-1 
 
Cartesian coordinates 
ATOM       X           Y           Z 
C     0.38131400    0.10412500    0.99349600 
C     1.53983500    0.91957700    0.42589100 
H     1.54023300    0.86710800   -0.66535000 
O     0.01551500    0.19934800    2.15586600 
N     0.15541100   -1.17915200    0.35131500 
C    -0.88311500   -1.89982400    0.78956200 
N    -1.37752900   -2.72149600   -0.12534600 
C    -0.67662700   -2.58813900   -1.40246500 
C     0.31115300   -1.41840100   -1.11291300 
C     1.72031800   -1.74292600   -1.54072600 
C     2.16567300   -1.27701000   -2.77743300 
C     3.43669600   -1.61740900   -3.23562700 
C     4.26911600   -2.41378100   -2.45466900 
C     3.82611300   -2.87888300   -1.21599000 
C     2.55260000   -2.55051400   -0.76296500 
H     2.20829100   -2.90205700    0.20736000 
H     4.47909600   -3.48939000   -0.59863500 
H     5.26567600   -2.66821700   -2.80331600 
H     3.78075900   -1.24752000   -4.19677400 
H     1.50844600   -0.65134000   -3.37811000 
H    -0.05591100   -0.52985800   -1.63008200 
H    -1.38147700   -2.32950800   -2.19692800 
H    -0.15855000   -3.52059500   -1.63929100 
O    -1.00637800    1.02761100   -0.16689000 
C    -2.14955100    1.37150200    0.55609000 
C    -3.32068300    0.44442900    0.24847400 
 331
C    -4.37433000    0.32079400    1.16044000 
C    -5.43595800   -0.54325600    0.90944200 
C    -5.46435200   -1.29232300   -0.26831100 
C    -4.42613300   -1.16280300   -1.18724600 
C    -3.35527000   -0.30324400   -0.92947000 
H    -2.54118900   -0.20500800   -1.64684100 
H    -4.44401200   -1.73742000   -2.11025900 
H    -6.28902400   -1.97171700   -0.46451000 
H    -1.91372500    1.24359600    1.62666200 
H    -0.86951400    1.53641200   -1.29629500 
O    -0.64823700    2.04578700   -2.32251300 
C    -0.77490100    1.30986200   -3.38263100 
C    -0.50018600    2.05247200   -4.67263600 
O    -1.07003600    0.11161000   -3.38616500 
S    -1.72725500   -1.92964000    2.28706000 
C    -2.48436600   -3.45518800    0.28198800 
C    -2.82538400   -3.13793200    1.60204900 
C    -3.93553200   -3.71931000    2.20433700 
H    -4.21289700   -3.46949300    3.22349500 
C    -3.22460600   -4.36173000   -0.46927800 
H    -2.94945800   -4.59087300   -1.49388300 
C    -4.32942300   -4.94303100    0.14069400 
H    -4.93086100   -5.65204600   -0.41881600 
C    -4.68169600   -4.62629100    1.45847800 
H    -5.55190700   -5.09300300    1.90801600 
C    -2.49930900    2.84399900    0.36075400 
C    -3.01406500    5.57526700   -0.00442400 
C    -3.33050300    3.27634100   -0.67527000 
C    -1.91959900    3.79548800    1.20206200 
C    -2.17674500    5.15310800    1.02572100 
C    -3.58669900    4.63318800   -0.85770700 
H    -3.78346900    2.54506600   -1.34060800 
H    -4.23660100    4.95581800   -1.66634100 
H    -3.21929100    6.63296800   -0.14347200 
H    -0.71546100    1.41958600   -5.53405000 
H    -1.10371900    2.96320800   -4.71323300 
H     0.55163900    2.35570900   -4.69343100 
N     2.74856400    0.24661700    0.88108300 
C     3.88025000    0.26745800    0.11741400 
O     3.91167200    0.78969300   -0.98735100 
H     2.82871900    0.05564200    1.87218700 
C     5.08856700   -0.40487000    0.70468300 
C     5.02020600   -1.30937400    1.76778000 
C     6.32219100   -0.12762700    0.11308700 
C     6.17990200   -1.91421200    2.24490300 
H     4.06385900   -1.57313900    2.21200200 
 332
C     7.48035500   -0.72992400    0.59216300 
H     6.35251200    0.56180900   -0.72457500 
C     7.41100500   -1.62261600    1.66068600 
H     6.12023700   -2.62048700    3.06748200 
H     8.43744600   -0.50652800    0.13045500 
H     8.31470900   -2.09474400    2.03471500 
H    -6.23990000   -0.63791600    1.63437400 
H    -4.35154200    0.90137000    2.08107400 
H    -1.25123000    3.46563600    1.99629900 
H    -1.71999700    5.87987100    1.69220800 
C     1.48283900    2.37408300    0.85577400 
C     1.28386600    3.37220700   -0.09755100 
C     1.67272500    2.73305700    2.19321800 
C     1.28191300    4.71363500    0.27832900 
H     1.11208500    3.09568200   -1.13411600 
C     1.66441200    4.07350700    2.57005200 
H     1.82269200    1.96429500    2.94588400 
C     1.47396700    5.06820500    1.61108600 
H     1.12167400    5.48115800   -0.47320200 
H     1.81305400    4.34129000    3.61238100 
H     1.47336700    6.11458600    1.90360200 
 
 
3-8a-(S,S)-3a(Fast) 
 
Cartesian coordinates 
ATOM       X           Y           Z 
C    -0.45712700    0.34406300    1.12276300 
C    -1.55204000    1.37854000    0.86578500 
O    -0.50054300   -0.45460900    2.03148300 
N     0.66126800    0.34600000    0.27850800 
C     1.61090300   -0.60085200    0.38882200 
N     2.48622500   -0.55234000   -0.59789100 
C     2.17643700    0.50684700   -1.56255800 
C     0.87763000    1.14242200   -0.96877600 
C     1.01796600    2.61801200   -0.67520400 
C     0.30803400    3.54794000   -1.43343600 
C     0.44635900    4.91041100   -1.17510600 
C     1.28989200    5.34419800   -0.15594300 
C     2.00112500    4.41556500    0.60418700 
C     1.86744000    3.05535100    0.34447500 
S     1.90111500   -1.83863900    1.54073400 
C     3.49792900   -1.50530700   -0.52593300 
C     3.33493300   -2.30896600    0.60882800 
C     4.23504500   -3.33378000    0.88372500 
C     4.54826600   -1.69112500   -1.41835700 
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C     5.44249700   -2.71493900   -1.13714900 
C     5.28895000   -3.52321500   -0.00316200 
C    -1.57906500    2.38381100    2.00984100 
N    -2.81625500    0.68284300    0.75180000 
C    -2.92664600   -0.26949600   -0.21222700 
O    -1.97263900   -0.50602000   -0.95444600 
C    -4.22697100   -0.99270900   -0.33210700 
C    -5.42617200   -0.47833600    0.16948300 
C    -4.22003900   -2.21964200   -0.99959000 
C    -6.60760400   -1.19623600    0.01079300 
C    -5.40073000   -2.93725600   -1.15044900 
C    -6.59505600   -2.42627100   -0.64380700 
H    -1.36064200    1.89266500   -0.07823400 
H     2.42016400    2.33109400    0.94035200 
H     2.65850500    4.75145600    1.40008000 
H     1.39334700    6.40527500    0.04916100 
H    -0.10975300    5.63058800   -1.76708000 
H    -0.35726500    3.20421100   -2.22194800 
H     0.02505000    0.95002000   -1.62511100 
H     2.01162200    0.06893200   -2.54801800 
H     3.00124600    1.22156900   -1.60079700 
H     4.12014300   -3.96337500    1.75971600 
H     6.27488700   -2.89123500   -1.81008100 
H     6.00585600   -4.31432100    0.18866300 
H    -2.39048100    3.09877800    1.85214300 
H    -0.63487400    2.93459900    2.04832300 
H    -1.72757100    1.87204200    2.96535500 
H    -3.46130500    0.71093400    1.53179000 
H    -5.45397300    0.49292500    0.65511400 
H    -3.28145900   -2.59675700   -1.39264600 
H    -7.53971300   -0.79158000    0.39228700 
H    -5.39159700   -3.89332200   -1.66457100 
H    -7.51916600   -2.98336000   -0.76566300 
H     4.65421200   -1.05759300   -2.29318000 
 
3-8a-(S,S)-3a’(Fast) 
 
Cartesian coordinates 
ATOM       X           Y           Z 
C     0.27303000   -0.27242100   -0.62270200 
C     1.49628900    0.59262700   -0.39740900 
H     1.44134200    1.11423900    0.55968900 
O     0.26430600   -1.21475600   -1.38680500 
N    -0.89843100    0.04244500    0.07433900 
C    -2.01477600   -0.70082400   -0.07544900 
N    -2.99316700   -0.30351900    0.71640400 
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C    -2.59551000    0.82556700    1.56443500 
C    -1.15178900    1.14426700    1.06509600 
C    -1.00292300    2.50092100    0.42181400 
C    -0.04773900    3.39321100    0.90415400 
C     0.13378600    4.62632900    0.28011600 
C    -0.63983800    4.96612100   -0.82583500 
C    -1.60459800    4.07794100   -1.30491800 
C    -1.78815400    2.84877000   -0.68175500 
H    -2.53305400    2.15229000   -1.06516600 
H    -2.20881000    4.34333600   -2.16669600 
H    -0.49366200    5.92301900   -1.31722900 
H     0.88348200    5.31533600    0.65573700 
H     0.56630200    3.11746300    1.75837400 
H    -0.43792200    1.03365100    1.88387100 
H    -2.61484800    0.51756900    2.61102800 
H    -3.27668000    1.66404100    1.40673900 
S    -2.40034800   -2.03630700   -1.07695000 
C    -4.17074500   -1.03982100    0.59940600 
C    -4.02146600   -2.04833800   -0.36101500 
C    -5.07145500   -2.91273800   -0.65374600 
H    -4.96377300   -3.69603300   -1.39697500 
C    -5.36111700   -0.86068700    1.29771500 
H    -5.46028200   -0.07728900    2.04209900 
C    -6.40528300   -1.72574000    0.99966500 
H    -7.34937200   -1.61564500    1.52240200 
C    -6.26355500   -2.73579700    0.03844000 
H    -7.09943800   -3.39418100   -0.17225800 
C     1.63334700    1.60712800   -1.54074900 
H     2.50856500    2.23044700   -1.34146700 
H     0.75295600    2.25063400   -1.62475000 
H     1.77548100    1.07624500   -2.48691600 
N     2.63548400   -0.29951900   -0.32601400 
H     2.71533900   -1.00225200   -1.05207300 
C     3.74104800    0.07447600    0.38113300 
O     3.76469600    1.10415200    1.04478600 
C     4.91553800   -0.85131200    0.30455700 
C     4.78828600   -2.20823600   -0.00472500 
C     6.17634900   -0.31450000    0.57368300 
C     5.91966300   -3.01763200   -0.05613000 
H     3.80926500   -2.64783700   -0.17550100 
C     7.30576100   -1.12309100    0.51140100 
H     6.25444400    0.73816000    0.82677700 
C     7.17819800   -2.47497100    0.19493700 
H     5.81736400   -4.07348700   -0.28698700 
H     8.28574000   -0.70003200    0.70976900 
H     8.05983700   -3.10727800    0.15106600 
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3-8a-(R,S)-3a(Slow) 
 
Cartesian coordinates 
ATOM       X           Y           Z 
C     0.30173400   -0.56728100    1.22103900 
C     1.40484100    0.27421400    1.84983000 
O     0.38098200   -1.75195600    0.99723700 
N    -0.91765400    0.08517200    0.96107100 
C    -1.96165700   -0.59421400    0.44619800 
N    -3.04395200    0.15470000    0.33670600 
C    -2.83802200    1.49448700    0.89739900 
C    -1.29398200    1.52184900    1.13522000 
C    -0.56729400    2.43723500    0.17481800 
C    -0.23547800    2.02112700   -1.11435100 
C     0.38225000    2.90809300   -1.99110600 
C     0.66404200    4.21122600   -1.58685600 
C     0.33587300    4.62697700   -0.29799300 
C    -0.27561600    3.74006900    0.58350600 
S    -2.15119600   -2.21270100   -0.08141400 
C    -4.15362200   -0.50407000   -0.18978300 
C    -3.83382800   -1.83489200   -0.48707900 
C    -4.78843000   -2.69149600   -1.02543400 
C    -5.42440600    0.01446200   -0.41738800 
C    -6.37251300   -0.84621400   -0.95454800 
C    -6.05973600   -2.17890100   -1.25502200 
C     1.27651500    0.20788600    3.37097400 
N     2.67643000   -0.25500700    1.42365000 
C     2.94722500   -0.31037100    0.09282200 
O     2.11136600    0.06408500   -0.72513600 
C     4.28704700   -0.83094600   -0.31816900 
C     5.04843600   -1.68633200    0.48247700 
C     4.76129500   -0.44900900   -1.57491200 
C     6.28378000   -2.14268400    0.03088900 
C     5.99950900   -0.89815000   -2.01924100 
C     6.76226000   -1.74470400   -1.21569500 
H     1.29825900    1.30760200    1.49933400 
H    -0.52573900    4.05854400    1.59317000 
H     0.56371000    5.63840900    0.02398500 
H     1.14735500    4.89995000   -2.27297000 
H     0.65152400    2.57645200   -2.98901500 
H    -0.42495600    0.99828500   -1.42717800 
H    -1.08320200    1.80831600    2.16813100 
H    -3.40853300    1.58493900    1.82416900 
H    -3.15280500    2.25607400    0.18300100 
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H    -4.54826200   -3.72355100   -1.25852100 
H    -7.37452800   -0.47672900   -1.14525600 
H    -6.82236900   -2.82607100   -1.67484300 
H     2.06648600    0.80518500    3.83388600 
H     0.31197600    0.60593500    3.69767600 
H     1.36227600   -0.82730300    3.71375400 
H     3.38214200   -0.46020000    2.11824600 
H     4.67317900   -2.02837400    1.44305900 
H     4.14804200    0.20191700   -2.18983600 
H     6.86941200   -2.81501100    0.65010300 
H     6.36898700   -0.59040000   -2.99255700 
H     7.72697000   -2.10062400   -1.56449500 
H    -5.65469100    1.04865000   -0.18358800 
 
3-8a-(R,S)-3a’(Slow) 
 
Cartesian coordinates 
ATOM       X           Y           Z 
C     0.30107500    1.88028000    0.13705000 
C    -1.05240900    2.07829400    0.80372800 
H    -1.07013600    1.60505800    1.78879100 
O     0.70649400    2.58194500   -0.76443600 
N     1.12217000    0.84020600    0.59345600 
C     2.35461200    0.65617200    0.07469300 
N     2.99399900   -0.34497800    0.65029600 
C     2.21089900   -0.94992300    1.73251700 
C     0.82091700   -0.26008800    1.57157800 
C    -0.25929200   -1.17473700    1.04577900 
C    -1.40689700   -1.39987300    1.80029800 
C    -2.41222900   -2.23369300    1.31084100 
C    -2.26666200   -2.84605500    0.07040500 
C    -1.11222200   -2.62951300   -0.68424800 
C    -0.11178600   -1.79626900   -0.19950600 
H     0.78381800   -1.63030400   -0.79587100 
H    -0.99539800   -3.10719500   -1.65221900 
H    -3.05530200   -3.48468100   -0.31587300 
H    -3.31545100   -2.38702200    1.89351300 
H    -1.53148200   -0.90563200    2.75979400 
H     0.51713600    0.19087900    2.51708400 
H     2.68576500   -0.72237800    2.68912900 
H     2.14594500   -2.02982500    1.59033200 
S     3.23349400    1.44495200   -1.16743700 
C     4.27600100   -0.57568900    0.15947000 
C     4.57847000    0.33042900   -0.86425000 
C     5.81291600    0.28862900   -1.50506700 
H     6.05828800    0.98496700   -2.30017600 
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C     5.18144100   -1.54401300    0.58011600 
H     4.92906000   -2.23414600    1.37828900 
C     6.41147700   -1.57854700   -0.06204400 
H     7.14551700   -2.31787700    0.24020900 
C     6.72197500   -0.67766500   -1.08976300 
H     7.69192200   -0.73292300   -1.57231100 
C    -1.35413200    3.56782700    0.93616300 
H    -2.33292100    3.68606400    1.40688800 
H    -0.60270700    4.06666100    1.55525700 
H    -1.36646300    4.04245700   -0.04825300 
N    -2.03338000    1.37606000   -0.00701100 
C    -3.18038500    0.91820000    0.58673000 
O    -3.35437300    0.99932900    1.79544300 
H    -2.05975700    1.60359100   -0.99534800 
C    -4.19166500    0.29189800   -0.32134800 
C    -3.86408900   -0.21716100   -1.58125400 
C    -5.50120800    0.18780500    0.15211900 
C    -4.84680300   -0.81474900   -2.36456000 
H    -2.83852700   -0.18537200   -1.93882500 
C    -6.48292500   -0.40267900   -0.63576800 
H    -5.73266200    0.57434500    1.13972400 
C    -6.15655500   -0.90291000   -1.89535100 
H    -4.58867800   -1.21817100   -3.33892200 
H    -7.50168100   -0.47471400   -0.26777600 
H    -6.92182300   -1.36804400   -2.50965100 
 
 
Chapter 3 
O-ACYLATION 
M06 SCF energy in solution: -1790.62644915 a.u. 
B3LYP thermal correction to gibbs free energy in solution: 0.359786 a.u. 
 
Imaginary frequency:  -232.9802 cm-1 
 
Cartesian coordinates 
ATOM      X             Y             Z 
C   -0.41903400   -1.56366100    1.63694400 
O   -0.46058500   -0.43005400    2.10678200 
N   -1.89379100   -1.77838100    0.55664900 
C   -2.73370900   -0.80144400    0.41422600 
N   -3.63821900   -0.95531400   -0.59243200 
S   -2.96051700    0.70142200    1.29134800 
C   -3.46314700   -2.27765400   -1.20853400 
H   -4.30455800   -2.92776800   -0.94507700 
H   -3.39810100   -2.19722200   -2.29606400 
C   -2.12324100   -2.73265500   -0.55226700 
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H   -2.17969500   -3.75525500   -0.17214700 
C   -0.46818500   -2.82647700    2.47108800 
H   -0.52373400   -3.72871400    1.85733300 
H   -1.28681000   -2.66822900   -1.25525100 
H    0.44186600   -2.86986200    3.07966800 
H   -1.33451800   -2.77889500    3.13578300 
C    1.11364500   -0.79716800   -0.07089000 
O    0.64560400   -1.84388000    0.58934400 
O    0.23231400   -0.10995400   -0.83207100 
N    2.34463000   -0.43784800   -0.08861200 
H    3.72446700   -1.41091200    0.23391600 
C    0.98628500    0.96931400   -1.44468800 
H    0.82956900    0.91969400   -2.52461700 
H    0.59409400    1.91415500   -1.06010700 
C    2.46332800    0.70125000   -1.01714300 
H    3.06834900    0.38447900   -1.87234900 
C    5.28084100   -2.06937200   -0.69969500 
O    5.01828000   -1.49264500   -1.74484200 
O    4.53087400   -2.00214800    0.40076500 
C    6.49947000   -2.94084300   -0.50181200 
H    7.06283200   -3.01722600   -1.43347300 
H    7.13930600   -2.51375400    0.27892800 
H    6.19948400   -3.93973100   -0.16652300 
C   -4.62148900    0.02210400   -0.66960400 
C   -5.70078500    0.08651100   -1.54989900 
C   -4.41110500    1.03065300    0.29176300 
C   -6.56375200    1.18124500   -1.45307100 
H   -5.86064600   -0.69275300   -2.28852900 
C   -5.26942300    2.12036300    0.37868900 
C   -6.35392700    2.18672600   -0.50333400 
H   -7.41068800    1.24776900   -2.12979500 
H   -5.10699600    2.89964600    1.11771800 
H   -7.03752900    3.02838400   -0.44528300 
C    3.13070200    1.90241000   -0.37035800 
C    2.72572800    2.34933400    0.89574300 
C    4.14371700    2.59573500   -1.04164800 
C    3.31934600    3.47188900    1.47264400 
H    1.95146600    1.80681900    1.43277400 
C    4.73768300    3.72241100   -0.46657700 
H    4.47359700    2.24835000   -2.01828400 
C    4.32600500    4.16370100    0.79191000 
H    2.99880000    3.80518500    2.45653900 
H    5.52482900    4.24950200   -0.99995000 
H    4.78894700    5.03761200    1.24322800 
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N-ACYLATION 
M06 SCF energy in solution: -1790.64165515 a.u. 
M06 thermal correction to gibbs free energy in solution: 0.365482 a.u. 
 
Imaginary frequency:  -152.3356 cm-1 
 
Cartesian coordinates 
ATOM      X             Y             Z 
C   -0.44522400    0.12809700   -1.24897400 
O   -0.15575800    1.34418500   -1.26349100 
N    0.77251000   -0.73518800   -1.05983400 
C    1.91177100   -0.18670400   -0.68510200 
N    2.87591000   -1.07994100   -0.42077700 
S    2.40148300    1.46211700   -0.48137000 
C    2.38283500   -2.45306400   -0.59481300 
H    2.94087900   -2.95295200   -1.39124500 
H    2.49595300   -3.01399600    0.33560100 
C    0.88980000   -2.21098300   -0.96583800 
H    0.62493900   -2.66892400   -1.92089900 
C   -1.34839000   -0.45579000   -2.33125600 
H   -1.59919300   -1.50743100   -2.17185200 
H    0.22381100   -2.58233000   -0.18829600 
H   -2.26947600    0.12919300   -2.37942000 
H   -0.83319200   -0.35290900   -3.29363000 
C   -0.76938300   -0.39920000    1.48139300 
O    0.38369400   -0.73331200    1.71732800 
O   -1.61801200   -0.09331900    2.52197000 
N   -1.41371400   -0.32133700    0.27071000 
H   -2.01929800   -2.08771700    0.06060400 
C   -2.94409800    0.06322900    1.98328300 
H   -3.49534700   -0.87331900    2.12028800 
H   -3.44526600    0.86874200    2.52286400 
C   -2.71770000    0.36212200    0.48449500 
H   -3.48824800   -0.14450100   -0.10171100 
C   -3.47219700   -3.37592600    0.03165500 
O   -4.34650700   -2.53978500    0.17973500 
O   -2.16537000   -3.07412000   -0.04755700 
C   -3.71407400   -4.85971200   -0.07492500 
H   -4.78582300   -5.06331700   -0.08402300 
H   -3.25093900   -5.25564900   -0.98490800 
H   -3.25133000   -5.37093600    0.77708400 
C    4.09983200   -0.53507800   -0.04187600 
C    5.27327300   -1.21266500    0.28489200 
C    4.03245900    0.87035000   -0.01870600 
C    6.38718400   -0.44877100    0.63769300 
H    5.31443900   -2.29713100    0.26626900 
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C    5.14775400    1.62391900    0.33355800 
C    6.32775300    0.95020000    0.66215100 
H    7.31361100   -0.95255900    0.89725000 
H    5.10512300    2.70896900    0.35400500 
H    7.20782800    1.52282400    0.93926500 
C   -2.77988300    1.85312600    0.16997400 
C   -3.70518800    2.31663700   -0.77149500 
C   -1.99702100    2.79284400    0.85815000 
C   -3.84176700    3.68298000   -1.03575900 
H   -4.33170500    1.60160300   -1.30105100 
C   -2.13110600    4.15535200    0.59943400 
H   -1.27500300    2.45759700    1.59760900 
C   -3.05312300    4.60682000   -0.35125300 
H   -4.56538100    4.02091700   -1.77356700 
H   -1.51376900    4.86904000    1.13958700 
H   -3.15470900    5.67029500   -0.55254600 
 
N’-ACYLATION 
M06 SCF energy in solution: -1790.65332413 a.u. 
M06 thermal correction to gibbs free energy in solution: 0.364179 a.u. 
 
Imaginary frequency:  -114.4971 cm-1 
 
Cartesian coordinates 
ATOM      X             Y             Z 
C   -1.26989800   -1.48875300    0.50190300 
O   -1.16089000   -2.24431500   -0.49815900 
N    0.04849900   -1.17471400    1.13099400 
C    1.17469500   -1.41616500    0.49041400 
N    2.25758000   -0.91797100    1.10190600 
S    1.51189200   -2.24230100   -0.99491900 
C    3.45861400   -1.12599900    0.42868500 
C    4.31930300   -2.19860400   -1.57632700 
H    4.16412500   -2.76542400   -2.48978400 
C    4.73381400   -0.70712700    0.80489600 
H    4.88516800   -0.13042200    1.71150300 
C    5.80152500   -1.04705400   -0.02731200 
H    6.80452700   -0.73046000    0.24327300 
C    5.60042200   -1.78417700   -1.20118800 
H    6.44784000   -2.03687000   -1.83147100 
C    1.86837500   -0.10547200    2.27029700 
H    2.40389400   -0.44356100    3.16035100 
H    2.09513600    0.94332300    2.06422400 
C    0.33921900   -0.38657200    2.35420500 
H    0.07851900   -0.97632200    3.23711400 
C   -2.29857000   -1.80426300    1.58365500 
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H   -2.38261400   -1.01939600    2.33958700 
H   -0.24031600    0.53568300    2.34033100 
H   -3.27481900   -1.95190500    1.11856400 
H   -2.00494000   -2.74362900    2.06797600 
C   -0.89993600    1.05460200   -0.50228500 
O    0.19943900    1.33766600    0.00059100 
O   -1.29592800    1.71601800   -1.63085100 
N   -1.80530100    0.15887800   -0.06192900 
C   -2.62851500    1.28878300   -1.96095900 
H   -3.31736500    2.11197100   -1.74574500 
H   -2.66678200    1.05569700   -3.02773400 
C   -2.88707000    0.05746400   -1.05309800 
H    1.19428800    2.58152400   -0.47316700 
C    2.76372500    3.55579000    0.10069600 
O    2.93810800    2.89931400    1.11728100 
O    1.77774700    3.34515800   -0.77062800 
C    3.64513400    4.71012300   -0.31325700 
H    4.06360000    4.52541600   -1.30883300 
H    3.05151900    5.62929700   -0.37564300 
H    4.45331400    4.84343400    0.40779800 
H   -2.74456400   -0.87077200   -1.62060200 
C   -4.28896200    0.06562600   -0.46818100 
C   -5.26276900   -0.80816400   -0.96646600 
C   -4.64872200    0.97083800    0.54085600 
C   -6.57029000   -0.77837200   -0.47333500 
H   -4.99419500   -1.51957700   -1.74449600 
C   -5.95169000    1.00066000    1.03772700 
H   -3.89692300    1.64551300    0.94251400 
C   -6.91833400    0.12639200    0.53070200 
H   -7.31288300   -1.46551900   -0.87104400 
H   -6.21431600    1.70542100    1.82289500 
H   -7.93338100    0.14929400    0.91881300 
 
TS-(R)-BTM-(S)-5 
M06 SCF energy in solution: -2100.29303280 a.u. 
M06 thermal correction to gibbs free energy in solution: 0.502007 a.u. 
 
Imaginary frequency:  -129.2299 cm-1 
 
Cartesian coordinates 
ATOM      X             Y             Z 
C   -0.60799800   -0.26375800    2.11698800 
O    0.28016300   -0.11847600    2.95014700 
N   -0.16811100   -0.87461600    0.84918500 
C    1.12234600   -1.05771900    0.61582500 
N    1.40073500   -1.27447400   -0.66954900 
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S    2.51059200   -1.06530000    1.63868100 
C    2.74641300   -1.45855500   -0.95552600 
C    3.51440000   -1.39832800    0.21418300 
C    4.89687200   -1.52233200    0.15704400 
H    5.50000000   -1.46805100    1.05774000 
C    3.32811200   -1.64564800   -2.20424300 
H    2.71802700   -1.68295300   -3.10123300 
C    4.71280400   -1.77111600   -2.25368100 
H    5.19785100   -1.91488200   -3.21363800 
C    5.48735400   -1.71320700   -1.09011600 
H    6.56558000   -1.81441000   -1.15714600 
C    0.21381200   -1.09727300   -1.50577700 
H    0.05027100   -1.98258500   -2.12383400 
H    0.32701700   -0.21401900   -2.13939700 
C   -0.91514000   -0.90573900   -0.44684100 
C   -2.05086200   -0.55594300    2.49122000 
H   -2.68551700   -0.37303300    1.61989600 
H   -1.38756500    0.06870900   -0.57829300 
C   -1.92734200    2.14718100    0.64428900 
O   -2.96277700    1.59627600    0.20438800 
O   -1.76819600    3.49411600    0.42370300 
N   -0.92974700    1.60048100    1.29826700 
C   -0.63914600    3.91488600    1.19363600 
H   -1.00020500    4.44119900    2.08358700 
H   -0.03246700    4.59169300    0.58864000 
C    0.09066900    2.59696900    1.56560300 
H    0.36439900    2.59085300    2.62714000 
C    1.34589700    2.36350200    0.74545500 
C    2.61166200    2.46179400    1.32169600 
C    1.24078300    2.06108600   -0.61656300 
C    3.75935200    2.24437400    0.55925800 
H    2.69809800    2.68847000    2.38231400 
C    2.38553400    1.84648700   -1.37992500 
H    0.25624400    1.98460400   -1.07784500 
C    3.64905500    1.92933200   -0.79283400 
H    4.73873000    2.30912600    1.02561700 
H    2.29244800    1.60857800   -2.43720100 
H    4.54042300    1.74241100   -1.38559900 
H   -3.30419000    2.01456100   -1.26486500 
C   -2.48122100    1.81687300   -2.98395100 
O   -1.44566000    1.35843000   -2.52726100 
O   -3.51327700    2.17971000   -2.24726100 
C   -2.71759100    2.02882300   -4.45547300 
H   -2.93315700    3.08473400   -4.64234600 
H   -3.59195200    1.45339100   -4.77277300 
H   -1.84129600    1.72149400   -5.02540200 
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C   -2.48659000    0.35420100    3.63461500 
H   -1.82819000    0.22048300    4.49877800 
H   -3.50883200    0.10748700    3.93786000 
H   -2.45764300    1.40519900    3.33673100 
C   -1.95885700   -1.99817300   -0.50323500 
C   -3.30515000   -1.65579200   -0.61965200 
C   -1.59017200   -3.34584700   -0.45638000 
C   -4.27776900   -2.65342300   -0.67926200 
H   -3.58081400   -0.60380800   -0.65011600 
C   -2.56026000   -4.34073400   -0.51303800 
H   -0.53923300   -3.61796200   -0.36701700 
C   -3.90749300   -3.99406400   -0.62352600 
H   -5.32516700   -2.38043700   -0.76718200 
H   -2.26799300   -5.38582300   -0.47149600 
H   -4.66545800   -4.77068300   -0.66868200 
C   -2.14420500   -2.02651200    2.91815000 
H   -1.80301500   -2.71102000    2.13612700 
H   -3.18285000   -2.27869300    3.15423100 
H   -1.53681500   -2.19808600    3.81384000 
 
 
TS-(R)-BTM-(R)-5 
M06 SCF energy in solution: -2100.28383624 a.u. 
M06 thermal correction to gibbs free energy in solution: 0.499944 a.u. 
 
Imaginary frequency:  -122.2672 cm-1 
 
Cartesian coordinates 
ATOM      X             Y             Z 
C    0.67777600   -0.02926300    1.49711000 
O    0.98791700   -1.13098500    1.93314300 
N   -0.69416800    0.04852600    0.96806500 
C   -1.36089600   -1.07357400    0.74261900 
N   -2.42456600   -0.91034200   -0.03964600 
S   -1.12120100   -2.70419000    1.25923400 
C   -3.16984900   -2.06000100   -0.27053800 
C   -2.59870400   -3.15913500    0.38296900 
C   -3.17823600   -4.41849600    0.28375200 
H   -2.74016600   -5.27636600    0.78412800 
C   -4.32536500   -2.18161600   -1.03424700 
H   -4.75355100   -1.31928100   -1.53492600 
C   -4.90140700   -3.44397400   -1.12574900 
H   -5.80514500   -3.57254900   -1.71254500 
C   -4.33701900   -4.54762100   -0.47716100 
H   -4.80747000   -5.52105000   -0.56734700 
C   -2.51749300    0.46382700   -0.53638100 
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H   -3.47425700    0.90274100   -0.24505000 
H   -2.40397000    0.47618400   -1.62205900 
C   -1.31011600    1.15696500    0.16885300 
C    1.23860200    1.27163000    2.03789200 
H    0.99943000    2.07301500    1.33381200 
H   -0.57669400    1.47039300   -0.57753400 
C    1.72354400    1.04118100   -1.28562800 
O    1.46429400    2.26469000   -1.18874000 
O    2.25917900    0.59195500   -2.47473100 
N    1.54693300    0.09099100   -0.40033700 
C    2.20986800   -0.83609900   -2.41981000 
H    3.09786200   -1.24066900   -2.90999000 
H    1.30799800   -1.17059400   -2.94470900 
C    2.12684600   -1.14632700   -0.91140100 
H    0.92048600    2.69530000   -2.59558000 
C   -0.38993500    1.96932000   -3.78352700 
O   -0.70605700    1.07284000   -3.01674300 
O    0.50835400    2.89437800   -3.50689100 
C   -0.98856000    2.13664100   -5.15540900 
H   -0.20095100    2.04283100   -5.90889800 
H   -1.41895700    3.13729400   -5.25246400 
H   -1.75514400    1.38100000   -5.32540200 
H    1.45519600   -1.99094700   -0.71914000 
C    3.47042400   -1.43878500   -0.26417500 
C    3.60387600   -2.45409600    0.68198300 
C    4.58726600   -0.65397300   -0.57403500 
C    4.82759000   -2.68631400    1.30940800 
H    2.73533200   -3.05355300    0.94235200 
C    5.81026100   -0.88376300    0.04831300 
H    4.49314700    0.14830700   -1.30372700 
C    5.93407100   -1.90243500    0.99325700 
H    4.91497100   -3.47788200    2.04838300 
H    6.66855500   -0.26712300   -0.20309400 
H    6.88785000   -2.08027800    1.48159200 
C    2.75276300    1.17172700    2.19278400 
H    3.24827300    1.13303200    1.22042600 
H    3.02114400    0.26991800    2.75233900 
H    3.12528300    2.04323400    2.74097400 
C    0.57966300    1.53942000    3.39825500 
H    0.88426100    2.52283400    3.76969500 
H    0.89903300    0.78315000    4.12378400 
H   -0.51298200    1.52415600    3.34611100 
C   -1.72122300    2.33404300    1.02253800 
C   -1.10048700    3.56831100    0.83605500 
C   -2.71404000    2.19976200    1.99744400 
C   -1.46211300    4.65979700    1.62493100 
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H   -0.32344200    3.65992300    0.07998700 
C   -3.07422500    3.28772800    2.78570000 
H   -3.19808500    1.23604000    2.14927000 
C   -2.44571100    4.51983100    2.60037200 
H   -0.97228200    5.61757600    1.47770400 
H   -3.84143200    3.17555000    3.54579800 
H   -2.72499600    5.36932900    3.21642600 
 
 
TS-(R)-CL-PIQ-(S)-5 
M06 SCF energy in solution: -2239.11839915 a.u. 
M06 thermal correction to gibbs free energy in solution: 0.524418 a.u. 
 
Imaginary frequency:  -120.5350 cm-1 
 
Cartesian coordinates 
ATOM      X             Y             Z 
C   -2.70005000    0.80620900   -0.27474400 
C   -3.55466700    0.76049200    0.84522600 
H   -2.56480500    0.83800300   -2.43781900 
C   -3.22411800    0.81307700   -1.57736000 
C   -4.94623400    0.71671200    0.64418300 
C   -5.44399900    0.71643900   -0.63973300 
C   -4.59181300    0.76420900   -1.75491900 
H   -5.61133000    0.68022300    1.50138000 
H   -5.01184900    0.76021500   -2.75495200 
N    0.55591600    0.78485400    1.09854500 
C   -0.31744800    0.84344600   -1.10358900 
H   -0.48681500    1.70604500   -1.75212400 
H   -0.35842200   -0.07765800   -1.68843800 
C    0.99984500    0.96830300   -0.30670200 
C   -2.96630900    0.74245800    2.15159700 
N   -1.34199400    0.81353300   -0.04992500 
H   -3.62612500    0.73478600    3.01475600 
C   -1.62122200    0.73054200    2.33209200 
H   -1.15726500    0.70685000    3.30549600 
C   -0.78064100    0.75449700    1.17308400 
Cl  -7.16905500    0.65871300   -0.89995800 
C    1.42064200    0.21378000    2.16365400 
O    0.85253300   -0.20377300    3.16585600 
C    2.80537900    0.84443200    2.21688400 
H    3.22565700    0.87300400    1.20820200 
H    1.66808400    0.14825000   -0.56690300 
C    2.85471000   -1.78086300    0.27205700 
O    3.67605400   -1.02888100   -0.29938100 
N    1.90401400   -1.45436300    1.11566800 
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C    2.02199300   -3.77266000    0.92506100 
H    2.62331300   -4.23489700    1.71512000 
H    1.46049500   -4.54526800    0.39580900 
C    1.13587900   -2.63016700    1.47990800 
H    1.04050200   -2.69742700    2.56940500 
C   -0.25533300   -2.59531800    0.87320800 
C   -1.39748000   -2.60926200    1.67228700 
C   -0.40095600   -2.53476300   -0.51752800 
C   -2.66853700   -2.57416100    1.09523700 
H   -1.28997600   -2.63714800    2.75450600 
C   -1.66660400   -2.50526700   -1.09578300 
H    0.48601200   -2.49837100   -1.14825500 
C   -2.80648300   -2.52649600   -0.28907300 
H   -3.55112700   -2.57904700    1.72948000 
H   -1.76446400   -2.46134300   -2.17775500 
H   -3.79553800   -2.49306200   -0.73859200 
O    2.90447900   -3.12824000    0.00035900 
C    1.70416500    2.28720300   -0.54806600 
C    3.00660400    2.28120300   -1.04536500 
C    1.06274400    3.50690000   -0.31273300 
C    3.66731500    3.48326100   -1.29714300 
H    3.49910500    1.32626100   -1.21850700 
C    1.72227600    4.70655100   -0.56045300 
H    0.04372500    3.52011900    0.07109300 
C    3.02765900    4.69545800   -1.05278600 
H    4.68324000    3.47007200   -1.68037700 
H    1.21937100    5.65028300   -0.37067300 
H    3.54298300    5.63181000   -1.24555200 
C    2.65577300    2.26827700    2.76725600 
H    1.98388400    2.88018800    2.15787100 
H    3.63088600    2.76522600    2.79108000 
H    2.26217800    2.23764500    3.78963000 
C    3.71974600    0.02092100    3.11728200 
H    3.27857200   -0.08187900    4.11357900 
H    4.69089500    0.51584100    3.21766700 
H    3.88368300   -0.97951700    2.70909000 
H    3.79164000   -1.33424300   -1.83150500 
C    2.59977600   -1.30511800   -3.32808200 
O    1.62364100   -1.03384200   -2.64682100 
O    3.81614000   -1.45940800   -2.84084500 
C    2.54398300   -1.50784000   -4.81898000 
H    2.82968800   -2.53729900   -5.05528300 
H    3.26208600   -0.84518800   -5.30965800 
H    1.53775800   -1.31034200   -5.18771600 
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TS-(R)-CL-PIQ-(R)-5 
M06 SCF energy in solution: -2239.10832130 a.u. 
M06 thermal correction to gibbs free energy in solution: 0.522655 a.u. 
 
Imaginary frequency:  -122.6994 cm-1 
 
Cartesian coordinates 
ATOM      X             Y             Z 
C   -3.42917500   -0.48642400   -0.10457300 
C   -3.79106500   -1.68420800    0.54555300 
H   -4.05119900    1.06835600   -1.48509600 
C   -4.32831900    0.15364900   -0.97314900 
C   -5.07042100   -2.22650600    0.32768200 
C   -5.94000900   -1.58442200   -0.52487100 
C   -5.57611400   -0.39856000   -1.18166600 
H   -5.35499500   -3.14449600    0.83236200 
H   -6.27837200    0.08159900   -1.85483600 
N   -0.12786800    0.14873900    0.99106100 
C   -1.60261800    1.21339900   -0.51490400 
H   -2.28558600    2.05801700   -0.40633400 
H   -1.42522900    1.00536900   -1.57318100 
C   -0.28396300    1.42983800    0.25576300 
C   -2.83327300   -2.30571800    1.41150200 
N   -2.16947100    0.02018800    0.13275700 
H   -3.11953300   -3.21747900    1.92807000 
C   -1.59451900   -1.78673700    1.60619800 
H   -0.86185000   -2.24029000    2.25462700 
C   -1.25294000   -0.57088300    0.92908700 
Cl  -7.52781600   -2.25009800   -0.80337000 
C    1.17574800   -0.42304400    1.43122000 
O    1.16030400   -1.60210800    1.75805900 
C    2.09286700    0.59709900    2.09034600 
H    2.11226000    1.50497200    1.48246600 
H    0.53921100    1.52908700   -0.45065900 
C    2.57478100    0.51283500   -1.17887200 
O    2.78539100    1.72163000   -0.92788400 
N    2.00645900   -0.39643400   -0.42229700 
C    2.38088800   -1.26778000   -2.53310000 
H    3.07675500   -1.91862400   -3.06635000 
H    1.44741300   -1.17281400   -3.09888600 
C    2.11183700   -1.69522900   -1.07510100 
O    2.96575400    0.03166700   -2.40898300 
H    1.16624500   -2.24333500   -0.99388100 
C    3.21844700   -2.54899500   -0.47873800 
C    2.92366600   -3.71432200    0.22721000 
C    4.55626400   -2.16307500   -0.61492600 
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C    3.94161300   -4.48495200    0.78684000 
H    1.88498000   -4.00875400    0.35334100 
C    5.57563600   -2.92874300   -0.05774100 
H    4.79929500   -1.25317800   -1.16068700 
C    5.27048200   -4.09390100    0.64582700 
H    3.69535700   -5.38771400    1.33876300 
H    6.60980300   -2.61590200   -0.17065300 
H    6.06534800   -4.69077000    1.08383000 
C   -0.31665300    2.63766200    1.16967600 
C    0.66780400    3.61625800    1.03478800 
C   -1.31912400    2.79864000    2.13095300 
C    0.66088800    4.73893900    1.86113600 
H    1.44796600    3.47803800    0.28888700 
C   -1.32552400    3.91802500    2.95783000 
H   -2.09375400    2.04146000    2.24382800 
C   -0.33322900    4.88989000    2.82398600 
H    1.43437100    5.49314800    1.75203100 
H   -2.10271800    4.03346100    3.70740600 
H   -0.33713800    5.76241800    3.47039600 
C    1.52809000    0.90401900    3.48297800 
H    0.48671300    1.23922600    3.44538200 
H    2.11592700    1.69480000    3.95970200 
H    1.57719100    0.01020200    4.11512400 
C    3.50755600    0.03791900    2.19663000 
H    3.97966300   -0.02713600    1.21399000 
H    3.48904900   -0.96408300    2.63764300 
H    4.11871600    0.68706300    2.83221400 
H    2.45936600    2.50251100   -2.25472800 
C    1.00918900    2.44849000   -3.49945800 
O    0.39903200    1.59457000   -2.87571100 
O    2.15863100    2.96621800   -3.10979800 
C    0.53085700    3.02325500   -4.80663100 
H   -0.45538700    2.62989400   -5.05166100 
H    1.24046900    2.76046400   -5.59698200 
H    0.49779400    4.11440000   -4.74379700 
 
 
TS-(R)-CL-PIQ-(S)-22 
M06 SCF energy in solution: -2277.22736980 a.u. 
M06 thermal correction to gibbs free energy in solution: 0.530872 a.u. 
 
Imaginary frequency:  -138.0336 cm-1 
 
Cartesian coordinates 
ATOM      X             Y             Z 
C   -2.84102500    0.61658500   -0.32829200 
 349
C   -3.70825300    0.69310700    0.78223400 
H   -2.68640300    0.38705400   -2.47822400 
C   -3.35306300    0.45596400   -1.62596700 
C   -5.09729200    0.61664000    0.57420500 
C   -5.58169800    0.45788700   -0.70498600 
C   -4.71842500    0.37280300   -1.80847600 
H   -5.77053400    0.67668100    1.42360500 
H   -5.12857100    0.24343200   -2.80420200 
N    0.38964500    0.80390500    1.07740900 
C   -0.42384300    0.52330700   -1.10262600 
H   -0.61742000    1.15371000   -1.97142500 
H   -0.37798400   -0.52964600   -1.39831700 
C    0.83086200    0.96306300   -0.32812000 
C   -3.13668500    0.82346300    2.09181700 
N   -1.48642300    0.68771200   -0.09278900 
H   -3.80908600    0.90034500    2.94178700 
C   -1.79418000    0.84766500    2.28715300 
H   -1.33826300    0.93274800    3.26251700 
C   -0.94248200    0.76457100    1.13964700 
Cl  -7.30368600    0.36207800   -0.97230800 
C    1.26969000    0.35051500    2.19166900 
O    0.69899900   -0.12921200    3.16761700 
C    2.52338500    1.20581400    2.32194200 
H    3.00043500    1.29059400    1.34252500 
H    1.64492000    0.27102400   -0.52375500 
C    1.28216900    2.37641800   -0.63369700 
C    2.60485700    2.59430200   -1.01979800 
C    0.40666500    3.46307700   -0.53965300 
C    3.05210100    3.88434100   -1.30221700 
H    3.28304300    1.74534700   -1.08224300 
C    0.85290700    4.75062700   -0.82018000 
H   -0.62914000    3.30735100   -0.24189800 
C    2.17814800    4.96301700   -1.20140000 
H    4.08493600    4.04427700   -1.59734600 
H    0.16732900    5.58931900   -0.74211400 
H    2.52573200    5.96871200   -1.41853500 
C    2.09722700    2.59432600    2.81312300 
H    1.42406500    3.09050400    2.10574800 
H    2.97804700    3.23183600    2.93995200 
H    1.58878500    2.51762500    3.78121800 
C    3.49411800    0.55854200    3.30206500 
H    3.02613600    0.45094400    4.28562400 
H    4.39015000    1.17775200    3.41041500 
H    3.80223300   -0.43272600    2.95927800 
H    4.15129500   -0.59262800   -1.50063500 
C    3.06006100   -0.78406900   -3.06264500 
 350
O    2.02840300   -0.91981000   -2.42354400 
O    4.24743000   -0.60532700   -2.51352000 
C    3.11602300   -0.80860100   -4.56684900 
H    3.74734800   -1.64032700   -4.89317200 
H    3.57152800    0.11505700   -4.93448100 
H    2.11331800   -0.92135200   -4.97816100 
C    3.12447600   -1.32055200    0.45830900 
O    3.88383300   -0.42010300    0.03696400 
O    3.43030700   -2.62043800    0.13920500 
N    2.03242000   -1.19685100    1.18131800 
C    2.31432300   -3.42455800    0.52057500 
H    2.69675900   -4.32437900    1.00510600 
C    1.48117900   -2.51196100    1.47127500 
H    1.58712800   -2.75077700    2.53689900 
C    0.05892200   -2.68983900    0.98574300 
C   -1.11914600   -2.28430700    1.60457300 
C    0.02820700   -3.34743100   -0.24623500 
C   -2.33434400   -2.49702600    0.95117300 
H   -1.07895800   -1.80329000    2.57762600 
C   -1.18363900   -3.55883800   -0.89923800 
C   -2.36444800   -3.11802100   -0.29945300 
H   -3.26323400   -2.18025100    1.41840800 
H   -1.21267100   -4.06812500   -1.85941600 
H   -3.31602600   -3.27438400   -0.80031400 
C    1.41320000   -3.74621100   -0.69272600 
H    1.73909800   -3.14342600   -1.54788300 
H    1.46740200   -4.80027500   -0.98235300 
 
 
TS-(R)-CL-PIQ-(R)-22 
M06 SCF energy in solution: -2277.22283144 a.u. 
M06 thermal correction to gibbs free energy in solution: 0.531013 a.u. 
 
Imaginary frequency:  -137.7726 cm-1 
 
Cartesian coordinates 
ATOM      X             Y             Z 
C   -3.42835200   -0.75312000    0.10100700 
C   -3.77966700   -1.76017200   -0.82147700 
H   -3.99817500    0.31334700    1.90255300 
C   -4.26973100   -0.45185000    1.18443200 
C   -4.99189000   -2.45402900   -0.65354200 
C   -5.80696600   -2.14135600    0.41108500 
C   -5.45293800   -1.14566800    1.33491200 
H   -5.26833200   -3.22776300   -1.36316500 
H   -6.11175700   -0.92274100    2.16747700 
 351
N   -0.32501300    0.47478700   -1.06315200 
C   -1.67536800    0.92199000    0.81838400 
H   -2.42179400    1.68708800    1.03825200 
H   -1.34643800    0.43891700    1.74150700 
C   -0.49452200    1.49022500    0.00836600 
C   -2.88032500   -2.03555800   -1.90285800 
N   -2.23656400   -0.08938400   -0.09185900 
H   -3.15801800   -2.80409100   -2.61876100 
C   -1.70943700   -1.36506600   -2.05632100 
H   -1.02154500   -1.55786800   -2.86423600 
C   -1.38140600   -0.34561400   -1.10451100 
Cl  -7.31344700   -2.99509200    0.62591800 
C    0.96405200    0.18350600   -1.74479500 
O    0.99655100   -0.84563300   -2.41159100 
C    1.72727900    1.44036100   -2.13996100 
H    1.75058700    2.12120000   -1.28567500 
H    0.40431900    1.50391300    0.62346400 
C   -0.76250200    2.88108100   -0.53034300 
C    0.13143200    3.90936000   -0.23505800 
C   -1.89813200    3.15628100   -1.29796400 
C   -0.09862900    5.19936400   -0.71115800 
H    1.01464400    3.68547800    0.36006000 
C   -2.12838400    4.44288400   -1.77408900 
H   -2.60422600    2.36105300   -1.53290000 
C   -1.22634300    5.46664600   -1.48218100 
H    0.60546900    5.99326300   -0.48058900 
H   -3.01038500    4.64973700   -2.37297800 
H   -1.40498900    6.47037600   -1.85619600 
C    0.99199100    2.09092700   -3.31864200 
H   -0.05771900    2.29969100   -3.09138100 
H    1.47207600    3.03917500   -3.58056400 
H    1.02871200    1.43425100   -4.19511600 
C    3.15791800    1.09342200   -2.53484600 
H    3.16290900    0.38792100   -3.37234500 
H    3.68538600    1.99989100   -2.84904000 
H    3.70275700    0.64480500   -1.70065600 
H    2.43029000    2.11754400    2.46187900 
C    1.12525600    1.64720200    3.78076900 
O    0.47489500    0.95713500    3.01198300 
O    2.20658200    2.31927800    3.43510000 
C    0.77158800    1.83067000    5.23323600 
H    1.61700000    1.52859200    5.85765600 
H    0.57726700    2.88871800    5.43222500 
H   -0.10828700    1.23879400    5.48425800 
C    2.53388800    0.48598500    0.89619300 
O    2.65304400    1.73127500    0.95329000 
 352
O    3.02356800   -0.25310400    1.94617100 
N    1.97342000   -0.24293500   -0.04294500 
C    2.55161700   -1.59819300    1.79069100 
C    2.16155900   -1.64357900    0.28814300 
H    1.70891900   -1.74026800    2.47408400 
H    1.24818100   -2.21729300    0.09165700 
C    3.37433700   -2.29570200   -0.35705600 
C    3.67744000   -2.40414700   -1.71180800 
C    4.24571900   -2.80035700    0.61079300 
C    4.86979800   -3.02319700   -2.08615100 
H    2.99131500   -1.99924000   -2.45043100 
C    5.43710400   -3.41543700    0.23636900 
C    5.74458400   -3.52396000   -1.11914900 
H    5.12444300   -3.11188100   -3.13866000 
H    6.12115700   -3.80124300    0.98819400 
H    6.67305200   -3.99782600   -1.42549000 
C    3.69563300   -2.59091100    2.00313600 
H    3.30839600   -3.52934900    2.41744200 
H    4.43377900   -2.19844600    2.70929300 
 
 
TS-(R)-CL-PIQ-(S)-37 
M06 SCF energy in solution: -2163.86160765 a.u. 
M06 thermal correction to gibbs free energy in solution: 0.517727 a.u. 
 
Imaginary frequency:  -130.9181 cm-1 
 
Cartesian coordinates 
ATOM      X             Y             Z 
C    2.19307500   -1.22272300   -0.37622600 
C    3.00367000   -1.27426600    0.77617300 
H    2.14548200   -1.24550800   -2.54484900 
C    2.76548400   -1.29385600   -1.65698200 
C    4.39665500   -1.40710600    0.63175000 
C    4.94105100   -1.47621500   -0.63077600 
C    4.13416600   -1.41822000   -1.77906100 
H    5.02502400   -1.44234600    1.51637000 
H    4.59011100   -1.47112700   -2.76177300 
N   -1.09505900   -0.86641300    0.87233400 
C   -0.13589700   -0.89839400   -1.29316200 
H   -0.03387900   -1.70753300   -2.01875400 
H    0.03515700    0.06852800   -1.77749900 
C   -1.49122600   -0.94811300   -0.55633300 
C    2.37699900   -1.14145100    2.05638300 
N    0.83560700   -1.07315900   -0.20296800 
H    3.00470300   -1.16173400    2.94282200 
 353
C    1.03386000   -0.98540700    2.18637200 
H    0.54321100   -0.87297800    3.13994800 
C    0.23864900   -0.96131300    0.99910600 
Cl   6.66737600   -1.63581800   -0.82114400 
C   -1.93180400   -0.19147400    1.87959100 
O   -1.43510300    0.04679400    2.96946300 
C   -3.42432300   -0.44324900    1.71300300 
H   -3.69806200   -0.34629300    0.65854000 
H   -2.07576000   -0.05834100   -0.80598300 
C   -2.22980300    2.34103200   -0.18254900 
O   -2.95731500    2.01978900   -1.15926000 
N   -1.83299900    1.62887400    0.85437900 
C   -1.52275200    3.62708000    0.22442200 
H   -2.18212900    4.46545900    0.46417900 
H   -0.72230900    3.95418200   -0.44557700 
C   -1.07246300    2.75625700    1.43614900 
H   -1.48461100    3.08803900    2.39668500 
C    0.41031800    2.50923600    1.57903700 
C    1.04246500    2.62098100    2.81776700 
C    1.17962800    2.16913100    0.45780900 
C    2.41834400    2.42272300    2.93836800 
H    0.45034800    2.86868900    3.69561400 
C    2.55354500    1.98235700    0.57326400 
H    0.69522200    2.07386600   -0.51389600 
C    3.17927400    2.11095000    1.81513200 
H    2.89422600    2.51998000    3.91035600 
H    3.14069400    1.73322100   -0.30769200 
H    4.25270300    1.96506500    1.90299000 
C   -2.29140600   -2.19711800   -0.86208800 
C   -3.56162100   -2.08652400   -1.42598500 
C   -1.76811700   -3.46535800   -0.59339800 
C   -4.30840300   -3.22972800   -1.70875600 
H   -3.96495200   -1.09872900   -1.63955000 
C   -2.51226900   -4.60651700   -0.87346400 
H   -0.77771800   -3.56389500   -0.15238500 
C   -3.78669100   -4.48955100   -1.43005500 
H   -5.29801100   -3.13251300   -2.14496800 
H   -2.10027200   -5.58788300   -0.65749500 
H   -4.36815300   -5.38046000   -1.64751200 
C   -3.72310400   -1.86864500    2.19776600 
H   -3.13099400   -2.62209100    1.66922200 
H   -4.78102500   -2.10237300    2.04099200 
H   -3.50723700   -1.95278200    3.26856800 
C   -4.21182700    0.57386600    2.53096100 
H   -3.89274700    0.54668600    3.57725100 
H   -5.28105700    0.34340700    2.48829400 
 354
H   -4.05838800    1.58609700    2.14805500 
H   -2.45534300    2.76345900   -2.35737800 
C   -0.79945300    2.93427600   -3.33941400 
O   -0.19764800    2.14401700   -2.62737100 
O   -2.05897000    3.27500000   -3.16653100 
C   -0.16424600    3.63055700   -4.51563100 
H   -0.19270600    4.71262600   -4.35758900 
H   -0.73566700    3.41588300   -5.42316900 
H    0.86751900    3.30108900   -4.63605200 
 
 
TS-(R)-CL-PIQ-(R)-37 
M06 SCF energy in solution: -2163.85878499 a.u. 
M06 thermal correction to gibbs free energy in solution: 0.520367 a.u. 
 
Imaginary frequency:  -149.0466 cm-1 
 
Cartesian coordinates 
ATOM      X             Y             Z 
C   -2.99859300    0.22628000    0.05620900 
C   -3.31272100   -0.50022500    1.22278600 
H   -3.73688800    1.01467200   -1.82557300 
C   -3.97921600    0.46915100   -0.92059700 
C   -4.62393400   -0.97658400    1.40297800 
C   -5.57387100   -0.72388300    0.43921400 
C   -5.26172200   -0.00152200   -0.72368900 
H   -4.86935700   -1.54427000    2.29514800 
H   -6.02786000    0.17500700   -1.47112200 
N    0.41164900    1.08674700    0.43532100 
C   -1.22038500    1.43168100   -1.25526900 
H   -1.84728400    2.31322800   -1.40574800 
H   -1.24691600    0.78799500   -2.13518300 
C    0.22135900    1.81267300   -0.84594400 
C   -2.27089900   -0.73899200    2.17460100 
N   -1.70644200    0.67675200   -0.09504700 
H   -2.51111500   -1.30648200    3.06920900 
C   -1.00634100   -0.28115100    1.98769900 
H   -0.20729100   -0.44815600    2.69175500 
C   -0.72364400    0.47367100    0.80488000 
Cl  -7.19572900   -1.33478200    0.64357800 
C    1.74218400    0.72006400    0.99554100 
O    1.74767200    0.13925300    2.07951600 
C    2.84160500    1.72584000    0.66109100 
H    2.73284700    2.06861800   -0.37102900 
H    0.92648900    1.40635800   -1.57425800 
C    1.24712800   -1.35675100   -1.07946700 
 355
O    0.37219800   -0.89704100   -1.84965800 
N    2.14573100   -0.71426100   -0.33538800 
C    1.63112200   -2.75828600   -0.65250700 
H    2.09834900   -3.37183600   -1.42767300 
H    0.83131600   -3.30846600   -0.15198800 
C    2.61290700   -1.98620900    0.27403200 
H    2.32583400   -2.03081600    1.33068200 
C    4.08079200   -2.28729700    0.12367800 
C    4.84734700   -2.66819400    1.22534400 
C    4.70362900   -2.18466900   -1.12535300 
C    6.20689200   -2.94664400    1.08756100 
H    4.37417900   -2.73921400    2.20214400 
C    6.05910400   -2.46180400   -1.26797400 
H    4.11744200   -1.86978500   -1.98638700 
C    6.81633700   -2.84495900   -0.15976300 
H    6.78985700   -3.23741300    1.95689300 
H    6.52927100   -2.37520800   -2.24362400 
H    7.87559400   -3.05839400   -0.27012200 
C    0.38651200    3.31318600   -0.70576600 
C    1.30239300    3.99913200   -1.50058400 
C   -0.40113900    4.02890100    0.20096800 
C    1.44504100    5.38126600   -1.38152100 
H    1.91279300    3.44740900   -2.21209400 
C   -0.26038100    5.40680100    0.32281800 
H   -1.11890300    3.50199400    0.82769600 
C    0.66744000    6.08588600   -0.46743200 
H    2.16658900    5.90432200   -2.00195200 
H   -0.87090200    5.95215800    1.03633100 
H    0.78112500    7.16142000   -0.36995400 
C    2.69879900    2.90960300    1.62719900 
H    1.68590000    3.32153800    1.64184200 
H    3.38606000    3.71370600    1.34439400 
H    2.94680400    2.58504300    2.64338300 
C    4.21678400    1.08743900    0.82690200 
H    4.41861800    0.36059200    0.03776100 
H    4.28249200    0.57728800    1.79355500 
H    4.99188000    1.86076400    0.79433000 
H   -0.95821700   -1.65851900   -2.05041000 
C   -2.26475900   -2.65073800   -1.06364700 
O   -1.56202400   -2.72128200   -0.07183500 
O   -1.90386300   -2.02171600   -2.17262500 
C   -3.62537200   -3.28733700   -1.17722000 
H   -4.35063100   -2.56608800   -1.56307200 
H   -3.94662800   -3.67012900   -0.20856800 
H   -3.56888400   -4.11237800   -1.89515900 
 
